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C H A P T E R  1 

I N T R O D U C T I O N  

.he NRX-A2 reactor wos tested at NROS from 12 August 1964 to 15 October 1964. To 

determine operating conditions during the test and verify or upgmde analytical methods used 

in reactor thennal and nuclear design, an analysis of the test results was mode. The test 

series consisted of cxpcrimental plans (EP' s) os follows: 

EP IA 

EP 16. 

EP II. 

EP 111. Scaled-down power test 

EP N. High power test 

EP V. 

Initial criticality and control drum d measurements 

Initial automatic startups and ambient GH2 and liquid hydrogen flow tests 

Neutronics calibration and temperature coefficient test 

Restart and low power mapping test 

Maximum reactor opcmting conditions were 1096* MW reactor thermal power, 75.6 Ib/sec 

LH2 flow rate, and 3815OR average core exit gas temperature. Total energy genemtec! during 

the high pomr test was b41 x 1C watt-seconds or an average of 813 MW over the 7 minute 

test. Total energy generation for the test series was 3.81 x 10" watt-secomk 

11 

Chapters 6 and 7 of th i s  report contain a review of the analysis of the thermal and nuclear 

test results, w'-ile Chapter 8 contains a review of dosimetry meosuremdnh and analysis. 

- 
* Calculated from heat balance 

1 - 1  



C H A P T E R  2 

B A C K G R OU A' ii 

1 The NRX-A2 Test Series ar described in the NRX-A2 Test Specification was c, . , 

out at NRM in Test Cell A. Initial criticality %as achieved on 12 Augu-t 1964, the high 

power test was performed on 24 September ;964 and the final t * s t  was completed on 15 

October 1964. The major objectives or the test were to verify design analpis and to deter 

mine the adeqwcy of the design io operote at the steady state power level required for the 

experimental engine system. 

The calculation of heat tmnsfer and fluid flow characteristics and nuclear chamcteristics 

of the reactor are essential to establish p p e r  test conditions in future reactor tests and to 

properly assess and improve future reactors. This report presents an analysis a d  diagnosis of 

the mcasurcd experimental reactor data from the NRX-A2 tests and Q comparison of th is  

data w3h calculations. &I evaluation of these comparisons and he associated mathematical 

models which a n  used in the computer programs i s  d e .  In appropriate :-.~tcs a description 

of improvements in the calculation models which esulted a n  described. 

Preliminary tests are considered in Chapter 3, the high power test in chapter 4, and the 

restart in chapter 5, while chapters 6 and 7 contain reviews or vmmaries of the nuclear and 

thermal results, nspective!y. Chapter 8 contains dosimetry analyses Pnd chapter 9 post- 

operative examination results. 

A summary of the operational history of the NRX-A2 test assembly including NTO 
2 operating description, observations, and tesr assembly and test facility data i s  available. 

1 WANL-TNR-153, NRX-A2 Test Spccificotion, as updated by the NRX-Test Specification 
and Procedure Review Board and The Test Review Board 

2 NTO-R-008, NRX-AZ! Site Test Repog, 20 November 1964 
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3 
The post-opemtivt instrumentation disassembly condition WQS 

during tht WX-A2  test series haw h e n  listed and amr!yzc% Port-opmtive disassembly 

ad impct iw results have been docwnefited by NTO. 

and data discrepancies 

8 

5 
Mdmnical  perfamarcc of the NRX-A2 reactor has a b  been documented. h l y s i r  

of core d i o l  go& doto, tie rod loadings, control dn*n torques, strain goge and accelero- 

mekr Qto is included with ewluation of noIIcMmrivc damoge. A report of the poat-optmtive 

impction of the NRX-A2 rcocta canponsnts hos also been published. 
7 

NRX-A2 lest R c p a t  wil l k ‘d 

6 
A campehensive 

A rrrpQkmcnt to th is  report is planned. It w i l l  include an amlysir of post-opemti~l 

data which hm recently bccome crvaibble and an extension of the analysis v n t e d  herein. 

hems to be cansidcrcd ‘XI& on analysis of corrosian data, an improved Reactor M i  for 

S p i _ . n  Analysis (r!W based on test results, odditionol thermal analpis of core material 

tempcmturts, and d i t i o n a l  nuclear analpis of kdbock -activity. 

WANL-ME-1079, NRX-A2 Instrumentation Oisosfembly m d  Post-Opemtive fboft, 
by G. Chambcrr, 8 Januory 1965 
NTO-R-OGlO, Dda D i m p a n t y  Report NRX-A2 Test Stria, by H. Norkin, 2 November 
1964 
WANL-TME-1075, NRX-A2 Postmortem Analysis, by G. h m s ,  P. ~tancompiono, 
P. W-r# January 1965 
WANL-TME-1071, NRX-A2 Post Operative Mec!mnical Component Evoluatim, by 
J. Korbowski, February 1965 
WANL-TNR-193, NRX-A2 lest Final Report, to be issued in April 1965 
NTO-R-0018, NERVA Progrm NRX-A2 Port Test Report, February, 1965 

- 

2 -  2 



C H A P T E R  3 

E X P E R I . W W T . 4 L  P L A N S  I ,  I I ,  A N D  ZII 

In this chapt@r experimental data from the experimental plans which preceded the high 

power test i s  presented and in a m i d e  cases compaFed to calculated ~ l u e s .  In this first 

section tht thermal md fluid flow test resuits a n  coraidcrwl For the GH2 ond LH2 cob flow 

tests and the tempemtun anfEcient test. In the next section t)K nuclea results ae reviewed 

fa the initial criticality, cold flow t u b ,  calibration ond temperature coefficient k s k  

fht NRX-A2 test sequna wot developed by NEKVA Test Operotions occading to the 

requinments set b t h  in  NRX-A2  Test Specifications and changes which were appavcd by 

he Test Review bad. A brief akcription of the tests which preceded the hi& power test OR 

given below. Opmtiaml history of thc WX-M kst assembly is contained in NT04-0008, 

NRX-A2 Si te  Test Report , 20 November 1964. 

EP-1A (EXPERIMENTAL PLAN I A) INITIAL CRITKALITY 

1 

This EP wof completed om 12 +t 1964 whcn poison wires were remowed from ?he ccue 

a d  iaitial criticality dkved. Control drum integm! ad di-ntial woc1)Lf mrc & i d  

The rcoctor WQ o p e d  at ombient tMIpcmture with an approximate maximum power of 500 

mrttr 

EP-IB (AMBIENT AND LIQUID HYOROGEN FLOW TEST OF 4 SEPTEMER 1W) 

Initial outomotic stur+ were achieved and an ambient GH flow test ond two LH2 flow 2 
tests were completed at low power in order to obtain hydrcgcn rcoctivity worb doh and verify 

reoctw flow and chilldown chamcteristics. 

The ambient GH2 test consisted of a irogommed flow romp to 12 POunQ per second with 

constant. power of 100 watts. The test flow ranp h i c h  closely reproduced the pmgamnd flow 

i s  shown on figure 3-1. 

Specificotion os updated by the NRX Test Spc?ficotian 
and lest -view 6cmd 

3 - 1  
- m m f r n  

- - . .  -a- I\LC 1 - - 
c. 
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EP II - (NEUTRONK CALlllRATlON AND TEMPERATCRE COEFFICIENT TEST OF 
16 SEPEMBEU 1964) 

EP 111 - (SCAlE%DOWr\( POWER TEST) 

On 18 stptcmbcr 1Wthe reactor was opmrtcd using the power test pdik scokd dorm 

by a facta of io00 as a check-art ck t)re power test. M i e n ;  heliun was heonly coobnt 

d 

THERMAL AND FLUD FLOW 

GoscousHydrogc n Test 

TEST CHRONOLOGY AND DESCRIPTION 

A chronology of the anbient 9~ f b w  test, Exmrimtntul Plan IB is given in toblc 3-1. 

From an initial condition of minimum ambient hydrogen flow and the -tar in powcr control 

at 100 warn, the p r o g r a n d  1 lb/sec GH2 my, to a m i m u m  f b w  of 12 Ib/sec with 
2 

intenntdiaie steody state holds was run. The decreasing flow also followed a 1 Ib/- mmp. 

2 

3 - 3  
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REACTOR PERFURMANCE 

In this test the peswrt - f low chamcteristia of the reactw components and the hydrogen 

reactivity effect were wrified by compar’lron to predictions. The rtocta flow mte, sekcted 

reactor system prcsulrcr frum Calcomp doto, ard average corrtro~ drum position from digital 

pintout are pcsented M i c a l l y  on figure 3-3 as a fmction of time. The reactor flow rate 

WOS cuIcula?ed from the presswe mcoMcd upstream of the d i n t  hydrogen venturi E-IO. 
H m  temperature war determined frum mtasuremenis downstream of h i s  venturi because 

ttn tcmpmture mawement upstrean of FE-IO WQS faulty. For the test flow rates, choked 

flow o c c d  at the mtui thmot. The a0 accuacy of the flow rate has been evaluated on 

the basii of the posriblc enor in the ventui coefficient, the p c s ~ c  -t# and h e  

temperature morurtmtnt. This accuracy mngc is indicated on the figure by the vertical line 

thhrough the calculated flow rates. The b accumcy (95 percent confidence kvel) is icdicatcd 

by tht kngh of this line. Thc method used in evaluating the data accwacy i s  presented in 

Agp”dix G. 
In h i s  sub6cction the mrn presmer ond differential plerurrn a n  ampared to the pre- 

1 
predicted values given in the Test hediction Report for the ambient GH2 test. The 

experimental Qta for these canpor’lxwrr IS token during the steody state holds of the flow 

profile at the times indicaied in tabk 3-1 and the comparisons m presented as a fwnctim of 

flow rote in figures 3-4, 3-5, and 3-6. As for the majority of h e  experimental data presented 

in  h i s  report a a0 accumcy range has hen calculated as described in AFpcdix G for tk 

preaurc measurements. This accumcy mnge is represented by the length of the vertical line 

extending from the data points while the flow mte accuracy range is  given by the horizonto1 

line. A mocc detailed comparison aqd description G! the pressures meourred during the ambient 

test follows. Ambient hydrogen reocalvity effec?s which caused the control drum to move inward 

discussed in the Nuclear section of th is  chapter under Experimental Plan as flow inceased are 

I& 

1 WANL-TME-887, 
~~ 

NRX-A2 Test Prediction Report, July 1964 
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CORE 

Rcdicted and experimental values of core inlet and exit prctture are given us a function 

of flow in figue 3-4 for the EP I-B ambient GH2 test. A similar CUNC on figure 3-5 gives the 

core pmsue drop. The predicted values on these figures are frwn pre-test calculations using 

t)re TNT code.', Also included on figure 3-5 i s  the mnge of core hP data obtained from the 

N U - A 1  test. In all cases the pn-test predicted value is within the rectangular mea which 

&firms t)H mnge of the 20 error bond on the experimental data, although at the upper edge 

of this mrv~e for he COR AP. NRX-A orifice test data and i ts  application to ambient hydrogen 

on &scribed in detail in appendix C The tempmture of the hydrogen proPIlant and reactor 

materiak was ussuned to be M O R  for tht predictimt shown in  the figurer During the test, 

pknun temperatures varied from 530 to SW0R 

REFLECTOR SYSTEM 

Reflector inkt pressure, reflector outlet pressure, shield AP, inner reflector AP, and 

mciiol gmphite barrel AP are given on figures 3-4 and 3-5. As was done for the core, experi- 

mental and pre-test TNT vulues are compared In all caws excepiing inmr reflector AP the 

predicted values are within the 20 mnge of the experimental data. 

NOZZLE 

Nozzle tube inlet pressure as a function of GH2 flow rate is given in figure 3-6. The 

calculation was baed on the available geometrical AGC U-tube nozzle information. Ambient 

gos nozzle inlet pressure is o strong function of minimum nozzle tube flow area and indepen- 

dent of refkctor inlet pre%ure# because choking flow occurs at the minimum t h e  area. The 

high colculated prerrure may have been the result of using a tube area leu than the true arm. 

Nozzle geometrical configuration data and heat t inskr coefficient data used in the TNT 

analyses are given in  appendix 0. 

1 WANL-TME-887, NRX-A2 Test Prediction Report, July 1964 
2 WANL-TME-483, NRX-A Reactor MMJeI for System Analysis, 31 July 1963 
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The nozzle hot side throat ana was calculated on the baris of the GH2 test results and 

the iheoretico! flow coefficient. The results of t h i s  calcuiation were as follows: 

&sign Value Calculated from GH, Test 

2 60+ 3 in. 
2 

59.7 in. - 

These resulc~ were obviously of no value in checking the nouk chamber flow coefficient 

01 ama because of the wide error range on the calculated flow ana. 
LIQUID HYDROGEN TEST 

LHz FLOW TEST CVRONOLOGY AND DESCRIPTION 

A chronology of the two LH2 flow tests is  given in table 3-2 The W2 test profile 

storted from initial conditions of 1 KW reactor pwer  (which was maintained for the test by 

the power control), approximately 2 Ib/sec GI+, rim through the reactor, and a hard chil l 

of the LH2 feed system to OW 86. The main propeilant valve, OBV 86, iust upstream of the 
moctw was opened and a nominal flow of 2 lb/'sec was initiated ond held constant until cort 

inlet thermocouple 1-781 indicated a ternperdure decreose of @OR below ambient. At that 

tima he 1.25 Ib/sec programmed flow ramp was initiated and flow increased until the test 

was )srmina!ed by a manual flow shutdown at o nominal flow rate of 16 Ib/rec. Baed upon 

quick l d c  data the Data Review Team, wi th the concurrence of he Test Review k t d ,  

recomn:w&d a rerun of the LH2 profile since the observed control drum motion was less than 

predicted, The second Lti2 flow test wcs similar to the first except it was terminated at a 

slightly higher flow rate than the first test. After LH2 flow had been terminated there was an 

eight second interval wi th no measurable reactor flow. At the end of that interval ambient 

hydrogen flow was introduced and continued unti I scram. 

a, 

2 

The majority of the analysis has been confined to the second LH2 run because a higher 

flow rate was attained prior to termination of the run. The letters on the chronology are keyed 

to figure 3-1 and other figures which present data for the LH2 test 01 a function of  time, 

3 -  12 



SELECTED CHRONOLOGY EP I-B LH2 
EP I B  Control Room Time 

Ksy Event - CkT Seconds 

First LH2 Ted 

Obtcin a hard chill 

Establish 1 k w  

Begin PrechiII - Open OBV 86 

Cloa AVV 11 

i 9661 

1 9664 

Closc P.W 2 19699 

Flow ramp begL-s 1 P i #  

End of LH2 flow ramp 19?13 

No flow hrough reactor, pressure a d i e n t  ?/’15 

Sta r t  GH2 flow 

Pressure stabilize in reactor 

19713 

19722 

Scram 19775 

Second LH2 Test 

Obtain a hard chill to OBV 86 26397 

Establish 1 kw 26421 

A Begin prechill - Open OBV 86 

Close AVV 11 

26544 

26547 

Close! A W  2 26579 

3 Flow ramp begins 26583.5 

C End of LH2 Ramp 26595.5 

Pressures peak in reactor 26595.8 

No flow through reactor, pressure ambient 26590 
D Start GH flow, pressures start to rise 

pressures stab i I i ze 
2 26606.4 

26608.7 

E ?cram 26656.6 
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REACTOR AND FEED SYSl€M 

A s i m p l i f i  Kh+motic of Ihc test c e l l  A focility ked system h given in fiv 3 7  .n 

& moinioin the r e q u i d  chili at tht tubo-punp i n k t  it wus r r tcts~~y to kon .\W 2 

opn k i n g  he prcchill period prrchill ard flow s w  operating proccdun t d  pobkna 

orc t i  llyn fully in crmot 

bc & t e r m i d  f iun Ihc vtntwi mttr E-7, U'nct  it g k  tk tor01 f h  Ihm+ thc ROC~OT 

a d  th~ough the A W  2 vent line. However si- tk pmchiil t'm of 40 stoondr requ'ucd to 

reduce the =OR i n k  tccrpcmhrr 90°F is  claw to the cakuktcd &ill inftrval of 48 
d the :h rate nust have heen appoximatelycquol to thc 2 I b / .  on which the c a l a r  

iot-m m bostd 

36 d ~ y  mp0rt.l  he actwl reociuw will f b w  

2 

Ria to the NRX-A2 test it was oumcd that thc flow log* which would exist dun'ng thc 
fkrr romp would bt ntgligibk cOmpOrcd R tht fkw 1- obstrvcd ~n NRX-AI tcr)s with 0 

pcchiIL 

(o#*lp. ior.. 

3 Cmc pqmw 05 tk LHz -Id flow twtz of tht NRX-A2 reactor was to check his 

Flow rates for h e  s e d  LH2ttstare given in figure 3-8. Pkmcd flow rute, f b w  m l ~  

colcubtd fium venturi &a, and flow through h e  reactor calculated fmm nozzle c u r  

wmtun and pcrswe ond thc nouk flow equation are given on figure 3-8. This c o n p r i m  

rcvcak that the e fkw mte was lagging the vcntw. flow rate in a mnner s imi la  to that 
which acumd in the NRX-A? LH2 tests conducted without a prechill. On the basis of this 

test he EP IVpowcr tcrtstortuppowtrand flow profiles were  &signed to account for iht 

fkm 1.4. lbe AQX-A1 test results pwidcd rhc reactor fiow profik associated with a 1.25 

Ib/= venturi flow mnp for thc s t a t u p  predictions, which were i d  in a sqpltment to 

WAN 1-TME-887. 

2 

4 

? MO-R-OOB, NRX-A? Site ?est Report, 20 N o v c m k r  1964 
2 WANL-TME-rn7, NRX-A2 Test Prediction Report,July 1964 
3 WANL-TME-773 and WANL-TME-773, Supplement I, NRX-A1 Thcrrnal Performowe 
4 WANL-TME-887, Supplmwnt W, NRX-A2 Prediction Report, Supplement N 

Flow log refers to the fiow rate through he reactor lagging thc flow rate through the venturi 
during a startup flow romp. This i s  caused by an increasing amount of hydrogen storage between 
?he venturi and reactor during the flow ramp. 
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SYSTUI TEMPWATlRES 

The h'$ttst Qld lowest reflector inkt ad w?kt hydrogen tcmprotvre tracer OR on 

fw 3-9 for tht second LH2 test. In oddition w e  b.vtragc ;efltCr~ inkt and outkt  temp^- 

twes ore g'kn ot rckcted times, inchding h e  end of the pKhili d h e  end of the flow 

collp mcrC hocCr ~ n a l  a krgc vmotion io the i n d i v i b l  

similar time trace of the ortrcmc core inkt tmpmtwes  od corc inkt tempmhm chamel 
1-781 is given in fi- 310. It ma p l d  that t?w flaw ranp be initiatcd when 1-781 hod 

b ~ m  rrbctd OOOR btiarr rht d i a r t  ~f 51041 In M, T - ~ I  WoI slightiy I- l ) ~ r r  a%, 
h a r r v l r t h e c v e m g e a r r c i n k t ~ * r r r s & R .  lhevariatiorc in tht i n d i v i b l  p b  

tcnpmhrt indications k bctn mbtd wilh argukr pitior, in f i p s  S I 1  md 3-12 

Cote inkt tcmpcroh*er are given as o function of azimuth position for two ti-, CR -3.5 

secm& thc endof ihe &ill; ad XS95.5sCawrb, the end of the W p  qwhik refkctor 

inkt ad outlet kmpmhrr~ vlcriotiars with m i d  are given k the end of the pccchill only, 

These temp- vcriatiaa which are trwmnitkd from the reflector inkt to the m inkt 

ae pobablydbytwophme flow corditions in tht nozzk, mdwere&obstrvtd in 

the NRX-A1 cold fkm test, 

line b c a t i i  (120 dcgrecs) and opparite the feed I'm (300 tkg-eesl. Sirnilor -trial 

tempcmtuer o c c d  in the EP N hi& power test &ill but were not evident aftersystem 

pcourcr had inueaseddun'ng t)lt s tpr tupod t)ccrefixe presented no problem at high pOrrrr 

opmtia Tlw oynmctriarl ttmpmtucs dwing the power k s t  are d ' k d  in chopttr 4 

udcr s l o r t q  (thermal cmd fluid fbw), 

indications. A 

1 
The m i n i m  hcmpmhrrcs appar ?ooccwat the nozzk f e d  

Refkctor ond c m  inkt ad refkctor exit time hirtor'k given in fiv 3-13 

for thc second LH2 cold flow test. Core, shield, and refkctor pcrwc diffkccntial time 

historiesore given fa thc sam LH 

and only rose sli&tly when the flow ranp WQS initiated becmse the reactor flow did not 

exceed 5 lbkc.  

Jurc 1964. 

ttst in figwe 3-14. In all w, thc vs W C ~ C  low 2 

WANL-TME-773 ond WANL-TME-773, Supplemmt 1, NRX-A1 Them#! P e r f o m m c t ,  

- 3 -  17 m n m -  Lra I- ----- - UWr: 
A 

'. -..-. 



5 
0 
Y 
a 

i 6 
V f 

FIGURE NO. 3 -  18 



8 
u) 

8 
cy 

U 

3 -  19 

8 
c 

FIGW NO. 



c 

s 
h 
I a- 

- 
r; 

;r) 
Q 
h 
8 c 
d 
c3 
QI 
h 
8 a- 

9 

0 

0 
0. 
h 
8 c 

b 
0 
c 

X 

Q 
OD 
h 
8 * 
d 
3 

a- 

h 
I c 

QD 
h 
8 c 

CT 
c 
c 

Q 8 
. .. _ .  

8 
c 

0 

0 



8 
v) 

8 * 8 
c- 

0 

m 
Y 
Y 
QL 

Ly 

I 

(3 
n 

8 

0 



0 R 2 0 0  * m  

VlSd - 3MlSS3)Jd 
3 - 22 

.................... 

.... , ........ .... ..* ...... ............. ............ ............ ............ ............. ........... ....... .-. . ....... ..-. ............. ............. ............ ......... , ... ............. i;i m" 
.. .. .-. ... ............. ........... I ........... ........... 

z 

8 
8 
Y) 

Jo 
0 a 
d 
5 
e 

0 u 

I FIGURE NO. 



c . .. .. . 

I REFERENCE I 

v) 0 0 0 
c 

0 0 
c 



REFLECTOR MATERIAL TEMPERATIMES 

Typical refkc- sector tempatwe are givsn in fiv 3-15 at stat'bri 8, 20, 32 
and 45 (axial p i t h  in inches meowed from con ink t  face) fbr the second M2 )dst. 

Similar sector tcmpcmture tracar for he power test +ill QKj sbrtup am given in fiv 

4-51. These rcrults haw that the maximum thermal gudients in the sector were much larger 

d u i q  ihe power test. The larger gmdients during the power test are due to the k t  that these 
maxirnun gradients occu a&r the portion of the stortu~ flow rang Ai& wss r e p d u d  in 

ik EP IB k t .  

Tempemhrrs Coefficient Test - EP II 

TEST CHRONOLOGY AND DESCRIPTION 

A chronology of the tempsmture coefficient test is given in tabk 3-3. T h i s  tart WQI 

perfond with only d i e n t  helium coolart. fhe reactor WOI Op6trd in pomr control ot a 

condart power of 1 MW with helium flow as required to maintain station 8 tenpmtun blow 

7 d R .  When station 45 core motrtial temprotwe hod reached approximately lOOO% the 
stotion 45 fssdb#k control ww selected and the temperature amtrolkt djusted the power 

to maintain t)b station 45 temperatwe o helium flow was voried 

Figure 3-2 shows the power, k h a n  ked pmsure# and two typical core tempedurm 

k i n g  this test. The heliun bed presswe is  a, indication oFhelium flow mk. As in prwiour 

sections, the chronology is  keyed to the figures by the ccpitol ktters. 

TEMPERATURES 

The c01b station 45 material teqemtuto (T-616) and statim 32 moterial tempsmtum 

(T-2) in figam 3-2 indicate c . w l y  lintor increase with time at comtrrnt power until Tim 
CR a8358 when the helium flow rots was incmosed. When the flow rote WOI imrsd,  !he 

heat in the central region of the core WOI carried downstreom and station 45 hmperotures con= 

t i n 4  to rise while stution 32 tempemturer fell. Since the internal wnemtion in the outer 

reflector wws orden of magnitude less than in the fueIed region, the rote of temperature incream 

for 1-347 was wry small. 

3 - 24 
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TABLE 3-3 

W A N  L-TNR- 199 

EP !I SELECTED CHRONOLOGY TEMPERATME COEFFICIENT TEST 

EP II Control Room Time 

Kcy Event (seconds) - 
A Establish 1 MW 27766 

Initiated helium flow when 1-609 indicated 
7oooR 

27880 

Switched to temperature control 283259 

B Increased helium flow :o check temperature 28358 
loop operation 

C Started lowering p e e r  to la watts 28536 

D Scram 28589 



Rodicl and axial temperature distributic I I  in the fueled region are given for two times 

(Time ZR 2Booo and 28350 second) in figures 3-16, 17 id 18. Ulximun temperatures for 

I! i ;  test occurred at the latter time. From the temperature distribution for h e  fueled region 

it i s  obvious that a low helium flow rate existed during the entire test. However, the flow 

mte was so low that the tempemtun profiles, both d i a l  and axial, v >re strongly influenced 

by the shape of the power profile; A “ry sharp drop off occurred in the station 22 thcrmo- 

couple wdings at h’ extreme wter periphery (see figure 3-17 and 3-18). This i s  probably 

due to d i a l  in-leakas at th is  station under the low flow, low pwer  d i r i o n s .  

EP-1A 

APPROACH TO CRITICALITY 

Peripheral - Pois, Wire Removal - 
Peripheral poison wire removal operations were completed prior to experiqental plcn 

1A. Initially the NRX-A2’contained 6590 poixwr wires, wi!h the loding colfigurotion shown 

in figure 3-19. With al l  twelve contra1 drums lacked in their zero depree +sitlon, poison 

wires were rcmved by groups of clusters starting from the core edge. deutrrm count rate 

data was taken after each perishero1 removal increment cn three BF proportional counters, 3 
as shown in figure 3-20, designated safety mmitor detecton, and on a fourth, the criticality 

control detector, which i s  not shown. 

The neutron count rate from each detector was rlormalizc-d to 1.0 with the full core inven- 

tory of 6990 wires, and a plot of inverse caunt rate cp in t t  the niJmber of wires removed was 

developed for each detector. 

The peripheral poison wire iriciemnis and the raw and normalized count rate data are 

presented i the NRX-A2 Site Test Report, NTO-R-0008. 

3 - 27 
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A 
1 -K sing mtt = - 

In a reator amtoming a rarte, the m d e r  of neutrons which exist in this mltiply 'q 

med'km at tk ad of a sufficiently long mterval of t i e  is: 

2 +...,. +Krn-$ n=S, (1 + K  + K  

The amstorrt A isa k t h  of tk sourceand detectagcantry, thtsourcestrcngth 5 ,  md 

the -tr#l lifctimt r .  As the nultiplicatim &tor K appoachcs mtiy, tk carrrting mtc 

appraxk infinity d tht mi-1 count r ~ t c  o p ~ r o o c k  z-. Tht i n v c n ~  Count 

of thc three wfety monitor dctectors was Qvcnogcd and plotid in figurc 3- 21 along 

with tht prcdictd 

PAX ucpriment. 

inverse count rater for thm dnmn bank positiaa, )rrred on tht NRX-A2 

ExtrPpolat'hn of this curve to criticality shows that tk NRX-A2 is appoxinately 13.0s 

subcritical with al I dnnm p i t i d  at 0 agcCr md 19 cl-Jrtcn of 42 poison wires cod- 

(total of 798 poi- wires) left in the core. 

the following suhsectim w h  the 13-05 value is  wbtantiatd). 

(The shrtdown of NRX-A2 is further disc- in 

The difbrcnce be- tk pcdicted and -red inverse multiplication at the 0 degrees 

drum bonk p i t i o n  is attributd to difftrcnca in tk source Qld detector geometry and 

detector mspmse between the two experiments. Figure 3-22 shows the source ad detector 

locations used in the PAX oppwch to critical. 

1 WANL-TME-887, NRX-A2 Test Prediction Report 
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Gntral Poison Wire Removal 

WANL-TNR-199 

Prior to this exprimentol p k  (see Iubrtction 1) all  poison wires were rctmQycd except 

rhoec in the cent.al region of the core, 19 clurtco of 42 wires eoch or T98 total. The remaining 

wires had been calculated to vi& sufficient shutdown margin IO that inadvtrtcnt mtotion 

cf the mtrol  dnrns would not case the rcoctor to go critical. The apprwdr to initial aiti- 

cality c o l ~ ~ n c e d  by the incremental removal of 11 of the 19 p-son wire clusters. The 

rcrnov~l incremhnts poccedtd radially inwards, maintaining approximate symmetry. Tabk 

3-4 shows the seqrrcnce in which the poison wire clusters were removed. 

ouing thc incremental removal opmtiarr, neutron comt rate doto was &id at 

control drun bank positions of 0, 90, and 180 dtgrter, raing the sane three safity monitw 

detectors utilized in the peripheral poison wire removal wmtiora. The neutr.n count mtc 

dot0 is tobulattd in  table 3-5. From this dots the inverse comt rate, or inverre multiplicatiar, 

wof dcvtloped and i s  &own in figure 3-23 for the 0,90, and 180 &gee dnm h n k  psitiom 

as a fimctim of poison wires remining in tbe core, The acm degree curve has bun nom*rlized 

to 1.0 with the central 7% poison wires remaining in he core. 

Inidoi er9icolity wos achieved with 8 clusters of poison wires remaining in the cocc. With 

this miscn wiie Ixding, the core was approximately 5.~rupercrit ical with the drum; full 

out, a d  t . k  crl :a1 bonk position was 172-9 degrees. 

Af:.-; initici criticality additional count rate data was recorded at h e  0 and 90 degree 

drum bank posittons. It A d d  be noted that the data taken following removal increment 

No. 7 (table 3-5) is  affecied by pover operations aftcr initial criticality. Therefore, it i s  

not UItd in the inverse multiplication curves of figure 3-23. Also it i s  seen that early smooth 

extrapolation of the inverse counting rate at the 180 degree drum bank position could have 

predicted the initial criticality to within - + 10 poison wires. This verifies the inherent safety 

of the technique used in the approach to critical. Extrapolating the 90 degree data, it is seen 

that the inverse count rate reaches zero at about zero wires, which implies Criticality with 

no wires present in the care at a drum bank position of approximately 90 degrees. 

3 - 3 6  



lmnment 

1 

WANL-WR-199 

TABLE 3-4 

EP CA POISON WIRE REMOVAL SEQUENCE 

Clusters 

1-61, 3-81, 5-81 

2 241, 4-61, 681, 4-62 

3 2-82, 5 8 2  

4 3-82 

5 1-82 

6 &82, b A l  

7 &A1, 3 A 1  

0 

9 

2+1, S A 1  

1-Al, o-00 
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k i n g  the final wire rumowl the control drum b n k  m o d  inward8 unti; wi th ne w i m  

present i~ h a  ewe h e  delayed critical bank pit ion was 98.6 degrees. Before comprison 

with the predicted 91 ckgrtar + - 10 depes, corrections must be made to this value for the 

diffurencs in the reactor configuration btwsen EP 1A and that d in the original predic,ion. 

This i s  discussed in the pages that follow in the section on Oalapd Critical Drum Bank Position 

Without Nozzle when a correction of -1.7 degrees is &:eloped The comparable delayed 

critical position then k c t m s  96.9 degrees indicating the predicted reactivity of NRX-A2 

to be too hi& by the equivalent of 6 degrees drum mot'3n# cr 46 cents. The effect of system 

temperatures on the critical position is also discused in  the some section. 

Figure 3-24 shows the measured and d i c t e d  delayed critical drum bank psiticns d u r q  

the final wire removal, together with a curye of the measured positim after adjusting to the 

configuration used in the predictions. It was predicted that the NRX-A2 would be critical 

at Q control drum bank position of 180 degrees with 425 + - 80 poison wires remaining i n  the 

center of the core. The comparable expimental curve shows the NRX-A2 to be critical 

with al l  drum at 180 degrees and 360 wires remaining in the core. The discrepuncy of  65 

poison wires or about 71 cents in reactivity i s  due to the discrepancy between the predicted 

critical position of 91 degrees arid the measured critical position of 96.9 degrees in  both 

cases with no poison wires present :n the core and to differences in mism wire worth between 

the PAX and NRX-A2 reactors. This difference i s  shown in figure 3-25. 

From h e  measured worth of the poison w i n s  one i s  able tc. calculate the shutdown of 

the NRX-A2 with 798 poison wires remaining in  the center 8 inch circle. Figure 3-26 shows 

the NRX-A2 shutdown to be 3.75$ at a drum bank position a f  180 degrees with the center 

8-inch circle containing 798 poison wires. Adding the 9$ drum bank worth, the NRX-A2 

shutdown at the 0 degree drum bank position i s  3.75$ + 9.00$ = 12.75$, confirming the 

estimate derived from figure 3-21. 

It should be noted that figure 3-26 has been generated by extrapolating the poison v . i n  

worth at lnitial criticality to nearby subcritical regions. The accuracy of the extrapololion 

has keen substantiated by calculations performed for h e  PAX core (two calculated points 
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WAN L-TNR- 199 

NRM rtguWi &d that all reocta operations maintain a 2s shutdown capobility. 

horn f i ~  3-28 it am k stcn that thc drum bank position to provide this shutdown wos 

60 
burm in the interval from 90 degees to 0 degtcs. 

f e  NRX-A2 This nunbcr includes an mcertointy of - + 0.2$ on the W0ct)l of h 

Thc NRX-A2 6un bonk mtoruemtnts during initial criticality dxhnt ia tcd the accumcy 

of the prediction as con bc -n from figure 3-27 and 3-28, A h  criticality wos reocircd 

on odditioml mtosurtmcnt of the differential worths of Control b u n s  2 and 8 was made and 

is  discussed in chapkr 3 of this repat. These measurements also confirm the maximum d i f fe r  

efit ir l d of 7.85 cents per &gee shown in figurn 3-27. 

Kkbyed Critical Drum Bmk Position W i h t  Nozzle 

Mamy mtoruremtnts of the delayed critical control bank p i t i o n  were mo& during EP 1A 

The betier of t h e  lmve been stdied in &tail and are listed in table 3-7. Of these it 

appeors that the fint measurement of 98.6 & g e e s  teken at Time CR 29198 is the best. This 

carclus'bn i s  b u d  on the discussion below. 
1 

Early work with the data available in the three day report indicated that the obderved 

wriations in the critical bank position (table 3-7) resuited from variations in power. In trying 

to crtab!ish whether the magnitude of th is  e fkct  would accourt for the spread in critical 

positions seen, mcorutcmentr were mode at WANEF of the reactivity e m  resulting from 

mtosutcmcntr modc ut various (low) power levels. The results, shown in figure 3-29, indicate 

that an e m  of several degrees in drum bank position can occur dwing operation in the power 

range 1 to 2 detodes above stortup kvel. Howver, the linear power indicators (channels 1 

and 2, Sonborn 10B-A) could not be downranged to give a non-zero reading at th is  reference 

level; hence, it was not possible to determine exactly at what decade level h e  measurements 

during EP 1A were mode. Fwtunately, in reviewing the data further, it was seen that the 

range changes which did occur were sufficient themselves to make corrections for %e source 

2 

1 NTP-R-0001 
2 WANL-TME-1053, "PAX Critical Experiments in Support of NIZX-A3. 
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effect negligible (per WANEF rcrultsj. Thus, i t  was concluded that the reason for the miat ion  

in critical positions shown in toblci 3-7 was not generally a result of the error concomitant with 

km power meosuremenk. This invertigatim did, however, reveal the reasons for the appannt 

discrepancies. There have k n  listed in tobk 3-7 for each meosurement. The problcnr~ that 

resulted in h s e  discrepancies were generally opemtional in nature and m well descrihd in 

the NRX-A2 Site Test &port. 
1 

No correction hos been mode for the deviation of -'tor tempcmtun from s o m ~  (arbitrary) 

standard. UIka it is clearly evident that core temperatues are significartly above ambient 

this appoach wil l  be followed in the analysis of all critical data in NRX-A2 testing for the 

following reasons: 

1) Gcnrclly, during the establishment of a critical condition the doto system is not 

operating and the only channels recording are the Quick Lodc Chonnels which provide only 

limited dab. These Sanbom channels, with a quoted accwacy of + - 2 percent, mosk out the 

small differences that exist in ambient temperature conditions. 

2) Review of weather data indicates that these temperature differences were truly mall. 
In addition, the reactor itself should cancel out these differences because of the nearly equal 

in magnitude but opposite in sign temperature coefficients of the core and berylliun refkctor. 

Note that all drum p i t i o n s  quoted are as measured in the contro! room and not necessarily 

the absolute c ~ n i r o !  drum position. A discussion of the emrs inherent in  he drum bonk measure- 

ments appecrs in  chapter 7 of the NZX-A2 Site Test Report. 
1 

The configuration of the reactor system was not the some in EP 1A as i t  was in other testing. 

The changes that were made to the system after EP 1A are listed in table 3-8 along with he:r 

associated reactivity effect meosured at WANEF previously reported in WANL-TME-1053. 

As developed here, the critical bank position expected in EP 18 is 96.9 degrees. later 

measurements in EP 18 confirmed this prediction, the :,teazurcd critical position being 97+ - 0.5 
degrees. This additional evidence supports the conclusions reoched above conceming ;fie 

effeci of power level on critical position. 



TABLE 3-8 

FACTORS AFFECTING THE CRITKAL BANK POSITION 
EXPECTED IN OTHEU TESTS 

Rest Critical Bank Position in EP IA 

Changes Mode hefom EP IA 

Remove AI  lid* 

Remove pdyethykne from wee* 

Add Nozzle* 

Net 

At 7.7L/&gree th is  results in 1.7 degrees 
of drum bank rotation 

Expected critical bank position in EP IB 

+la1 i 

*These reactivity effects were measured at WANEF. 

The WANEF measuremcnt for the nozzle wos 18.8k. This 
value was rooncied te 
instrumentation not present i;r the WANEF measurement. 

to accwnt for additional 

1 l l  -A -1 - --' I - - a . 1 
A n a- 

---- n a  

A 

3 - 52 

90.6 &grws 

-1.7 - 
96.9 degrees 



Worth of Individual Drums 

The primary objective of this phase of EP 1A was to assure that the drums were of o?prWi- 

mately quo1 worth rather than to determire the exact worth of each drum. This was to be 

accomplished by 

1) 

2) erh.blishing equilibrium, 

3) rotati, 3 each drum (individually) to 180 degrees from the critical bank p i t ion ,  

4) measuring the associated period and 

5) iirfcrring h e  reactivity insertion from t h i s  period. 

bringing h e  reactor system to the delayed critical cmdition 

lking the period data in t h i s  foshion there appeared to b2 a significant variation in the worth 

of t)rt individual drums in the vicinityof the paraffin cmered neutron source (see table 3-9 

reactivity oddition for drums 1, 2, 11, 12). 

In on effort )o n d v e  this problem before further testing, several possible zource~ of 

error were investigated. These were: 

1) a measurement at WANEF of the effect of a polyethylene block 01': drum worth 

2) a reflector system material symmetry verification 

3) further study of all measurements. 

Effect of Paraffin Block on h ! r  worth 

To meo~urc the effect of the paraffin neutron shield on drum worth 37.9 kg of paraffin 

containing the Po-& startup source were placed against the PAXA reactor in a e w e t r y  

similar to NRX-A2. Using standard techniques the worth of each drum was then measured 

over a specific range. Shown in  figure 3-30 i s  a comparison of worths measured with and 

without the polyethylene block. Note that only the shape of the two wort'! curves i s  important, 

not the absolute level. The reduction in the worth of drun number i in h t h  cases results from 

the presen';e of a steel clamp used to bundle the core. The difference in the level o f  the worth 

cunes results from the different ranges selected for drum movement,, The variation in the 

1 

3 - 53 
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26 
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DRUM WORTH MEASUREMENTS IN PAXA: ' 

A WITH PAkAFFIN BLOCK 
0 WITHOUT PARAFFIN BLOC K 
0 DIFFERENCE [L'I-D) 
0 WITHOUT PARAFFIN BLOC K 
0 DIFFERENCE [L'I-D) 

I t- 

6 7 ~ -8 9 10 1 1  12 2 3 4 ' ;  

DRUM FuUMBER 

c 
EFRCT OF PARAFFIN BLGCK ON DRUM WORTH 
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Irba#wl 

WANC-MR- lB  

h hisappooch, rhc reactor sy=tem it only eoraidcrcd as it existed a? the c o r r ~ l u ~ h  of 
2 

eOdlnrc0l;rrman t, LE., one dnm ot 180 

b d c  -.tion. fh, basis of the corrtctim in this mthd i s  the fact thot the other eleven dnrna 

werc not at tht sam ovcrogc positiorr i.7 mch case. The d i t i o n s  of each measurement opeca 

in t&k ?-!$ Thc reactivity correction is ckvelopd by converting the bo& p i S o n  difkrerce 

from 98.6 degrees (aha,: ' - /  ad) to reoc:ivity (at 7.7&/-) and d i n g  this to the m- 

tivity irrscrtion i n k d  i a n  the period mcorurcmct, fhe comctcd drun yvocth (98.6 de- 

to 180 w s )  oppeac- *#t  chc last column of the tabk okmg with the dehtion from the overage 

1 
2 Thc digital rcabut &vice geneml' 'ndicoted 1E degrees but the &on* in worth frcwn 

and the other elever. dnma ot tomc onrap 

See &p%r 7 of the NWX-A2 Site Test Rtpor t ,  ''104- 

179 &- to !80 dtgrwr i s  neg i tc .  At. 

---- --- 'A I a -  

W Y W  W U b .  = w I- 3-56 
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sector 

1 

2 

3 

4 

c 
3 

6 

7 

8 

9 

10 

11 

12 

IdcntiGcation 

PH- 1 

PH-11 

PH-3 

PH-8 

PH-5 

PH-12 

PH-9 

PH-15 

PHd 

PH-7 

PH-2 

PH-10 

WANG-TNR-199 
TABLE s 1 1  

OlKER LEFLECTOR SECTORS 

Pressing 

17l4 

1759 

1983 

1?5? 

1 759 

1883 

1 759 

1803 

1759 

I 759 

17l4 

i 759 

1-85 

1.83 

1.86 

1.85 

1.85 

1 .a6 

1.85 

1.86 

1.85 

1.85 

1.85 

1.85 

131.5 99.1 

131.5 99.1 

131.0 98.7 

131.0 96.98 

131.5 98.08 

131.0 98.7 

131.0 96.96 

131.0 96.7 

131.S 98L78 

131.0 96.98 

131.5 98.0s 

131.5 98.m 

1.4 - 
1.4 

1.6 - 
1.56 2%) 

1.56 rn 
1.6 - 
1.56 220 

1.6 - 
1.56 220 

1.56 229 

1.56 - 
1.56 221) 

3 -  58 



TAME 3-12 

CONTROL PLATES 

h i t y ,  p / c c  W!o a-10 
Idcnti- Ateachendof Ateached 
ficatiar - plate of plate 

Alm 

AI 201 

AI 202 
AI 203 
AI 204 
AI 206 
AI 207 
AI 206 
AI 209 
AI 210 

AI 211 

Ai 212 

AI 213 

AI  214 

AI 215 

AI 216 

AI 218 

AI 220 

AI 221 

AI 222 

AI 223 

2.55 

2.55 

2.55 

2.53 

2.55 

254 

2.54 

2.54 

2.55 

2.55 

2.55 

2.55 

2.56 

2. 56 

2.54 

2-55 

2.54 

2.54 

2. n 
2.55 

2.56 

2.55 

2.55 

2.50 

2.54 

2.55 

2.54 

2.51 

2.53 

2.55 

2.55 

2.55 

2.56 

2.56 

2.55 

2.56 

2.56 

2.56 

2.54 

2.55 

2.56 

2. 5S 

20.26 20.41 

20.41 20.27 
20.27 20.14 

20.44 20.47 

20.12 20.94 

20.76 20.S 

'0.56 20.80 

20.80 20.71 

19.90 20.14 

20.14 20.62 

20.62 20.02 

19.88 20.18 

29.18 20.Lf 

20.28 19.97 

20.27 20.24 

20.24 19.97 

20.65 20.24 

21.50 20.08 

20.08 20.23 

20.23 19.W 

20.41 20.27 

Identi- 
fication 

AI 224 

AI 225 

AI 226 
AlW 

AI 228 
AI 229 

AI 230 

AI 231 

AI 232 

AI 253 

AI 235 

AI 236 

AI 237 

AI 238 

AI 240 

AI 241 

AI 205 
AI 257 

AI 213 

AI 242 

Density, g d c c  W/o B-10 
A t a h c n d o f  At-hak: 

plote of plate 

2.55 2.56 

2.56 2.56 

2 . s  2.55 

2-55 2.55 

2.55 2.56 

1.55 2.55 

2.55 2.55 

2.55 2.55 

2.56 2.55 

2.55 2.55 

2 . s  2.54 

2.54 2.54 

2.56 2.55 

2.55 2.55 

2.56 2.55 

2.55 2.55 

2.55 2.54 

2.54 2.55 

2.56 2.56 

2.55 2.55 

20.27 20.19 

20.19 20.19 

19.% 20.22 
20.22 20.25 

20.25 20.02 

20.42 20.44 

20.44 20.36 

20.36 20.66 

20.09 20.48 
20.48 20.44 

2O.a 19.76 

19.76 20.17 

20.15 20.10 

20.10 20.44 

20.43 20.27 

20.22 20.1s 

20.94 29.32 
20.66 20.24 

20.24 20.31 

20.15 19.98 

3 - 59 
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Method 2 

In h i s  appmach, a com~arison is m d t  between the d and expected reactivity 

inertion for the octuol6um motion which occumed. Similw to Method 1 h, the reactivity 

of the sysfem pior to the meammnmt is  established by canparing the avew drum position 

98.6 m d  computing the reactivity bused on the difttrence. These oppear in the fifh 
colurm of table 3-9. listed in the sixth column i s  h e  actual initial pasition cf dnm n h  2 
The mventh colunn contains the predicted reactivity addition based on PAX mcorurtmcnts ad 

onolyti*cd results f# !he actuol6un mion. Thc difference between the masurcd ad th is  

predicted reactivity uppers in the lart c o l m  d i s  plotted in fiiyrc 3-31. Again, no 

correlation with source position (beaween drum 12 ond 1) is tv'&nt. 

The reactivity worth of the individual Cruans i s  approximately u n i h  and no oomlation 

is  &trdobla between 10ura pasition ond drun worth. 

Calibmtion of Canha1 Run Nwnbsr 2 

The Cml phamof EP 1Amrrthe calibration of control 6ummrmbcr 2 Thc m o f  the 

calibration was to prav'& a verification of !he predicted diffcrentkl worth pfik so that drum 

M o m  in future testing could be confidently interpreted. The meourrtmcnts wecc to bc modc 

by the bllawing poadutc: 

1) Bring the reactor system to the critical condition thm+ 'I# of bonked drum 4 to 12 

2) Withdmw drum 1 ond 3 to 20 degrees and estoblish qui l ibr im 

3) Withdraw &um 2to 40 degrees 

4) Measure stuble period 

5) Repeat step 2 th+ 4, incrsoring howevcr, in each succeeding masumnent, the 

final position of drum 2 by 20 degrees and the final msition of drums 1 and 3 to 10 degrees 

3-61 . 
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1 

Evaluation of the lest results indicated that operational problems hi& h a m p d  i n te r  

petation of other measurements in this test prevented to a large extent the acquisition of 

meaningful results here also. However, several of the measurements that were usable are 

plotted in figrrrc 3-32 which a h  shows the predicted difFerential worth for a single control 

dnxn. 

2 

The measurement at 90 degrees was repeated in EP II. These results me a b  plotlcd in 

figure 3-32 Error hands for this data are not available hut moy be i n k m d  qualitatively from 

ihe @ between the t n ~  datu points. The avemge of the two determinations is 0.665 ants 

per &gree fora singkdnm (7.9cenh per degree lkr the l 2 h  bank) as compamd with the 
d i c t t d  0.655 cents per degee. 

EP 16 TEST 

Cold Critical b u m  Position 

During the krom Check Phase of this test here were thm occasiont ttmt permitted an 

evaluation of the delayed critical drum bonk position. These are ummotized in table 3-14 

along with one more nmurrcment mode prior to the first LH2 run. Only in the first time t i  

he reactor sufficier,tly cioac to critical for the results to be usabk. Fwhnra)ely, thcsc place 

upper and b m r  limits cn h e  critical position wh,& may be inferred from these to be 

97+ - 0.5 degrees, The effect of system temperatures on these mcorurcments is d i s c d  pre- 

vioraly in the section entitled kloycd Critical Drum Bonk Position Without Nouk. 

The gaseous hydrogen flow test pesented an opportunity to measure the reactivity worth 

of hydrogen in the core undcr conditions which were readily dcfinoblc. The test clasaly followed 
the planned profile os described in the first secticn of th is  chapter. To maintain constant power 

during the run portion of the test thc control drum bank responded in  a monner shown in  figure 3-33. 

1 
2 

See the NRX-A2 S i te  Test Report 
WAK L-TME-887, NRX-A2 Test Prediction Report 
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Astronuclear 

WAN L-TNR- 19? 

The critical drwn bank p i t i o n  at the start of the profile was 946 degrees, deviating about 

0.5 to 1 degree from that expected in a reactor at ambient temperatures and with nql igible 

GH flow. Figure 3-34 dcpicts the measured drum bark position replotted M. hydrogen mass 
1 

flow rate along wiih h a  calculated position based on the best  estimate of the true thermal 

and fluid flow conditions. The following i s  evid2nt from inspection of these tu0 grcphs: 

1) 

coefficient and hydrogen mass in  the core ii greater than the reactivity change Q twlly 

experienced. 2) The relatively large initial & e t  h delayed critical (97 degrees) in 

figwe 3-34 icdicotes a reactivity shift resulting probably from a combination of increased 

pressurization of the reactor and a higher than expected minimum flow rate. The much larger 

shift in drum potition from 4 to 8 ib/sec than from minimum to 4 Ib/sec shown in figwe 3-33 
i s  supporting evidence far the seccd posibi!Ity. A more detailed ewrlwtion of analytical 

results and a discussion of nuclear information gained in  this test appeon in the sections that 

fd low. 

2 

The greater slope of the calculated curve indicates that the product of hydrogen reactivity 

EVALUATION 3 F  HYDROGEN WORTH 

The derivation of the hydmgen worth used ir. h i s  analysis i s  prexnitd in WANL-TME-Y36 

The con  hydrogen worth distribution d for the calculated results in figure 3-34 i s  typified 

by the worth of uniform hydrogen, 6.80fig derived from axial transport thecry calculations. 

WANEF mosuremnts in support of NRX-A2 yielded a v4Je of d30$/kg (+ - 0.25) for he worth 

of hydrogen uniformly distributed in the reactor core. For reams discussed in TME-936 the 

distribution which led to the 6.80Wg value was selected for use in predictions of NRX-A2 

tests. The total hydrogen reactivit, effect in h i s  test may be broken 

resulting from the following: 

into components 

1) Core cooiant channel hydrogen 

2) Core b l  porosity diffused hydrogen 

3) Lateral support hydrogen 

4) Beryl I ium reflector hydrogen 

1 lJorm4ized to the measured dehyed critical position. See Appendix 1 for a summary of the 

- - -  analytical model. 
rrrrr’UUb, .  I r8’. - 3 - 67 - . -  
R*kI,.r-41-1;II-. * : 
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The least c e h i n  of hese is  the second effr 1 which n s h  from diffuriw of hydrogen 

into the pores of the fueled and unfueled elements. &cause the test WQI. of such short d u r u t h  

(about 1 minutb) and ct ambient tempemtures it w i l l  te o s s d  in evaluating the hydrogen 

war))) that the dlffused hydrogen wos not gained durr. , the test. kve:oped ip +oble 3-15 i s  

he e m r  in the calcul~ted values of reactivity change during the test. ? . , f tmd hydrogen 

S#aCt, a factor in the NRX-A2 nuclea; &I, was outomotically inclukd ‘ R  hc mlctivi ty 

calcuiation by the COHOT computer prozlran (colimn 2) and has been ur&azted Wbjtct to 

the above otsumption from the normalized volues in colmn 4. Appearing i q t  the lost cofcmn 

i s  the mtio of n,aosuw3 to calculated drum bank rotation with its uncedinty to 95 percent 

cmfidence. Results from the 8 and the 12 Ib/sec holds indicate that the calculated reactivity 

chon- i s  mmimlly 19 + - .  5 percent high. Since 95 percent of the calculated effect resuults 

from )rydrogm in the con it may be inferred from this that the core hydrogen worth of 6.8’JL/kg 
A d d  t.e reduced by 10 percent. 

1 

EVALUATION OF INITIAL CrFrTiET 
1 Calculations using rFe NRX-A2 reactivity w4el showed that rephavent of the air 

(or helium) in the core by hydrogen at umbient pressure and t e m + ~ u n  rcruhd in a m e -  

tivity increase of 10.9k or 1.4 & F a  of drun bank rotation (as Aown in figure 2-34). 
CE w c h d  fw diffused h-r: and reducec( by 10 percmt as wted ab.* th is  value bacmer 

1.7 O ( a d  the point in figr -e 3-34 reploilcd at 95.9 &gees). 

Since the A8 drown in t igun 3-33 wns the sane from 4 to e w d  8 :c 13 Ib/sec it appeon 

maconable to cr~rumc *ut to a first approximation it w:ii be linear bebw 4 lb/sec. This meam 

that the initial flow mte ~ i ’  Time CR 12W was of the order 2 5  Ib/tucf . This point has k n  

reprsrantod by a triangular symbol in figure 3-31 and t 

thhrough it inhrcepts the zero fkw axis ot a drum pc#ition of obaut 95.2 &gee with m unex- 

tointy probably t.f he orckr of 0.5 hgree.  

:xtm~clated oosh-dot line pauing 

1 SeeAppedix l  
2 Since 0.6 jegree rotation occurred front this Mtial flon ate k 4 Ib/sec ad 1.6 molted 

from o c h a w  in flow rote of 4 Ib/sec (4 to J) the initial flow rote is : 

. 
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These factors are summarized in toble s 1 6  along with Q brief note on tire uncertainties. 

As can be seen, there i s  an overlq, in  the measud and expected drum bonk position at the 

theoretical condition of no flow. The conclusion to be dmwn fru4n th is  i s  that the reactivity 

effect of incrascd core pressurization was not significant ond i s  probably less than 0.5 degee 

of drum motion. l h i s  analysis dots not permit, of course, m y  cocrclusion as to he effect of 

higher pressurizatior. m would be experienced in  high pomr testirg. 

Liquid Hy60gc n rest 

The reactivity feedback experienced during both liquid hydrogen runs was significmtly 

Ita than expected. bun bank motion during the s e d  LH2 run i s  shown in  figue 3-35. 
The predicted drum motion over the profile (to 16 I b k c  flaw) was b? 17 degrees whik 

the measured motion was only 2 degrees. The anomaly between h e  p d i c t e d  and measured 

control drum motion i s  attributed to a flow 1.9 between actual reactor tlow and E-7 idicated 

noctor flow. The flow lag i s  discussed in the first section of th is  chapter and in the NRX-A2 

Si te  Test Report. &cause of thc uncertainty at present in the thermal and fluid flow condi- 

tions during th is  test, M e r  analysis of the nuclear feedback effects has been deferred 

pending a final thenncl analysis. 

EP I1  TEST 

Delaved Criticol Position 

atring the Scram Check and Neutronia Calibration I Phases of EP II the reactor was 

taken critical and ir! most instances stable conditions were achieved. Drum honk measure- 

ments taken during these periods ranged between 96.4 and 96.6 dtgrees. The critical position 

has nominally been chosen to be 96.5 degrees. 

NEUTROK IC POWER CALIMATION 

Wire Calibration 

The power calibration of the NRX-A2 reactor during EP l i  wos performed by exposing 

9 wires of 20 w/o 93.5 percent enriched uranium dispersed in aluminum both during a PAX 



TABLE 3-16 

POtSlBlE EFFECT OF PRESSlRIZATlON 

calculated 

Ikbyed Critical Meaaund 

Ambient H replacing pwge gas 

Critical position at no flow 

2 

In- from figure 3-34 
critical position at no flow 

Asmmciw 
wrrtrrl 

WANL-TNR-199 

97.0 - + 0.5 ' 

95.9+ - Q5 

95.2+ - QS3 

See section on EP IB cold critical d m  position. 

No uncertainty has been asigncd to this n m k r  because hydrogen conditions are 
welf defined (ambient) and hydrogen worth correction has been taken into account. 

A half degree uncertainty has been assigned to this number to cover the range 
resulting from: 

a upper l imit - linear extrapolation of measured curve (95.6 degrees) 

b. lower limit-measured podition at a flow noted in the S i t e  Test Report 
(NTO-R-0008) to be 0.25 It?/sec., but described os "an order of magnitude 
only" (94.6 degrees). 

3 -  72 
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Thesh wirer, h ie!  were 52 i d s  kng and 40 mils in dia~tekr, VIJX inserted in coolant 

channels 17 and 19 of the central e h n t  OOO in PAX during the PAX 120 run and were s&- 
99 

sequently raiii-chemically analyzed for toto1 fisriora by mconKing the Mo 
a n a l p s  were perfamtd by three labomtories: LASL, WANL, and AP3. The two IASL wire 

analyses ad the six WANL wire analps were in essential agrccmcnt &r colibmtion to 

scune smnpln gmemted at IASL, but a single wirc analysis by APD *as 6 percent lower h n  

thc averogc of 1)H other eight amlyxs and hence, was discorded. 

hotope. The 

From extcraive fii ion mapping of the PAX cort and mdi-chemical a n a l p s  of virgin 

fuel imrdiatcd during the PAX-120 run, a K factor was determined with units of total core 

fisiom p e r  fision/gam of umnium in wire irradiated in h n e l  17 or 19. The K focta i s  

paumcd to be identical in both the PAX and NRX-.42 reactors 
1 

In the NRX-A2 COR, coolant h n l s  17 and 19 were not available becawse of the 

interlocking support blocks and chonnek 12 and 13 were used instead. Thc factors for chmnels 

12and 13asgi#nintobk3-17wereobtaindfrom~echannel 1 7 4  19dotaandfrom 

relative fisiom/gmnr dato us reported in toblt 5-15 of WANL-TNR-158, The averugt of 

these valms is  1.63 x 10 5 fissions per fission/gum U in wirc (not fission/gmm P a s  

reported in i4AN L-TNR- 158). 

ThC w i m  irmdiattd in tht NRX-A2 at NRDS wen a n d y d  at thtte lobomtorits, WANL, 
2 LASL, and NTO. The values resulting from these analyses were reported in NTO-M-0559 

as hown in tobk 3-18, The merage of a l l  nine anal- gave a value of 3.120 x 13 fissions 

per gran of wire with a maximum spread of 23 percent sing the oven+ K factor given above# 
adjusted for drum angle. The total fissions in the NUX-=, EP II run is  found to be 

11 3.120x lo 
0.197 

converts the fission per gmm of wire to fissions per gram of uranium in the wire since 0.197 

i s  the measured weight fraction of U in the wire. 

11 

5 17 
x 1.63~ 10 x 1.013 = 262r 10 fissions. The 0.197 in the denominator 

1 The critical drum angle at WANEF was 90 degrees while at NRDS it was 98.5 degrees. This 
difference in drum angle h,, been estimated to increase K by +1.3 percent. 

2 NTO-M-0559, NRX-A2 Neutroniu Calibration R u ~  - Results of Uranium Aluminum Wire 
Analpes, J. J. McCown to P. W. Dovim, September 22, 1964 

I, ,w-= 
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TABLE 3-17 

K FACTORS FOR CALIBUATION Of NRX-M’ 
CHANNELS 12 AND 13 

PAX locaticm 

oooO13 

Oooc 13 

OooD13 

O O E  13 

OOOF13 

ooo(3 13 

oooc 12 
OOOE. 12 

1 Taken from WANL-TNR- 158, table 5- 15 

wentrlr 
WANL-TNR-199 

5 

5 

5 

5 

5 

5 

5 

5 

5 

1.62~ 10 

1.63~ 10 

1.65~ 10 

1.63~ 10 

1.63~ 10 

1.66x 10 

1.6ox 10 

1.62~ 10 

Average 1.63~ 10 



TABLE 3-18 

Wire No. 

63 

66 

69 

64 

67 

TO 

6 5  68 

NRX-A2 NEUTRONICS CALIBRATION RUN EP I I  
IRANIUM-ALUMINUM WIRE ANALYSES~ 

WANL-TNR-199 

Group 

WANL. 

WANL 

WANL 

NR M 

Fissians/g-win 

11 3 1 0 3 x  10 

11 
a 1 6 o x  10 

11 3 . 1 7 5 ~  13 

3103 x 10’l 

11 

11 

NR OS 3 1 0 9 x  10 

NRM 3 1 2 6 x  10 

11 LAS L~ 3 1 o x  10 

1 

2 

From NTO-M-0559, J. McCown to P. W. Dovim 

Average of three wires. Three anaiyres agreed within 1 percent 
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Assuming I 9 0  Mev/fission is the ovemgc energy absorbtd in the reactor to podwe 
1 th~rmal energy , thc average power during the EP I! iun of lz00 sec is  determined as 

2.62 x IO'' fissions x 190 Mev x 1.6 x - w-sec 
fission Mor 

1200 scc x io3 w 
Kw 
- 

From tt-e data, then the following comtants for the EP II M art: 

Average Power ( b o d  on 190 MeV absorkd) = 6.65 kw 
fission 
6 

lnteguted Power = 7.99 x 10 w-sec 

Total Fissions = 2.62 x 10 

Rabbit Cal ibmtion 

bring the w i n  calibration on EP 11, a sulfur pellet in a pneumatic rabbit gun was 

17 

positioned approximately at the neck of the nozzle. The rabbit gun pneumatically fires a 

mil, stainless steel capsule (differential rabbit) from a shielded location Mind the cell 

wal l  to a position 125 inches f m  the axial centerline of the core and 63.8 inches above 

h e  core midplane. Transit time of the rabbits between shield and exposure locotion is 0.9 

KC. An integral rabbit can also be positioned at the end of the rabbit gun barrel (near the 

nozzle neck) and can be removed only during re-entry to the test cell. LASL experience 

with rabbits containing U238 highly depleted in U2= and covered with cadmium indicated 

that the fost neutron leakage at the nozzle position was reasonably linear wi th  thermal power 

and therefore, provided a valuable method of extrapolating the low power calibration to full 

power operation. Wit+ the NTO acquisition of Test Cell  A, it was not immediately apparent 

that NTO would have the capability of radio-chemical ina lys is  at the test site and since 

radio-chemistry i s  qecessary for analysis of U238 rabbits, a &st i tUte rabbit detection material 

was sought. Sulfur in the form of compressed anhydrous (NH ) SO pellets was used during 

the NRX-A2 test series. Hence, ammoni. v sulfate pellets were exposed durirg EP II in order 

to calibrate them for further tests. 

4 2  4 

1 Nf0-M-0559, NRX-A2 Neutronics Calibration Run - Results of Uronium Aluminum Wire 
Analysis, J J McCown to F' W DOvison, September 22, 1964 
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Neutronics lank Calibration 

Positioned radially about 20 feet from the reactor in the test cell wall, is a water tank 

containing boron lined ionization chambers for measuring fast neutron radial leakage. The 

water tank at test cell A has a 6 inch thick lead shield between he reactor and the front 

pad of the water tank. The incident radiation impinges upon the lead wall at a 50 degree 

angle relative to a prpendiculsi ham the wall giving an effective l e d  thickness of 9.36 

inches. The object of the lead is  to minimize the mtio of g a m m  to neutron induced currents 

in the ion chambers contained within the tank. The desire to reduce the ratio of gamma to 

neutron induced current i s  only to reduce the power calibration errors resulting from poor 

compensation of the ion chambers in high gamma fluxes. 

In the forward or low power posi t ion where the chcmbers were calibrated during EP II, 

the neutron to gamma induced current ratios are very high ana any compensation errors in 

the chambers produce negligible errors in the net signal current from an ion chamber. However, 

prior to the high power run (EP IV) the chanibers are moved back in the water tank to a 

pcsition where they read 1 'loo0 of their prior I-eading. At h i s  location, some 32 percent of 

the current i s  induced by gamma rays. At low reactor powers (EP II) this 32 percent IS sub- 

tracted from the ion chamber signa! by the gamma compensated volume of the ion chamber. 

Above 50 percent of design power, however, the compensating portion of the ion chambers 

subtracted lass and less of the gamma signal unti! at full power it i s  estimated that only 10 

percent 06 the gamma signal was subtracted. However, since i t  has been observed that the 

campmated chamber (linear no. 2) agreed very closely with differential rabbit determinations 

ef tke power, it i s  believed that the ermr due to lack of compensation i s  just canceled by a 

reduction in the radial leakage with increasing power. The agreement at high powers between 

axial rabbits and linear No. 2 neutronics i s  then believed to be a fortuitous cancellationof 

two opposite effects: lack of compensation and decrease of neutron leakage with increasing 

reactor power. 

3 - 78 
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Temperature Cocffcient Measuremenis 

During the slow temperature rise in  EP II a low, constant GHe coolant ?'low was employed 

to m i d  oxidation. A number of radial teyxrature measurements were made at four axial 

stations in the con  (Figures 3-16, 17 and 18). Using a J 
2 

weighting and a sine axial weighting, an effective nuclear overage core temperature has 

been derived. The progression of this average core temperature with time i s  shown in 

figure 3-36. The average beryllium reflector temperature i s  also included in t h i s  figure. 

BesseI fbct ion square radial 
0 

1 '  Figure 3-37 displays the comparison of the measured and calculated drum angre changes 

during the significant portion of EP II. The calculated values were ootained from the nuclear 

average core tempemture rises in figure 3-36, and the A2 temperature coefficient of approxi- 

mately - 0.1 IbPR. A small correction was mode for the increase in Be reflector temperature. 

This data i s  replotted against average core temperafwe in figure 3-38 to show the linearity of 

the measurements. The error l imits or. the measured dcta reflect only the uncertainty in the 

measurements, not the uncertainty in evaluating the nuclear average core temperature. 

Uncertainties in the calculated values are estimated to be 12 percent. incorporated in 

this value i s  the uncertainty In the expansion ieactivity coefficient, weighting procedure 

for average core temperature and the measured temperatore. 

The data shows substantial agreement with the calculated values. None of the measured 

values fall outside the error bands which are consistent with those prescribed in  WANL-TME- 

936. This is not to be construed as conclusive confirmation of the A2 operating temperature 

coefficient since the maximum temperature rise was c d y  20 prcent of the A2 operating 

temperature. This data w i l l  be used to improve the low range analysis consistent with the 

A2 hot test results. 

- 
1 The analytical model is summarized in Appendix A. 
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Calibmtion of Conm~l h 2 

AddiS-1 dafu wos acquired in EP li to subrtantiok the differential drum wlorth curve. 

This data i s  presented and d i s c d  in the previots section in th is  chapter on the Calibration 

of Control Drum No- 5er 2 

EP i l l  TEST 

Delayed Critical Pasition 

SewmI excelknt c r i t h 1  c d i t i o n s  were attained in the Scrom Check Phae of th is  

test. These ranged betwen 97.4 degrees and 97 degrees with the preponderance at the latter. 

The delayed critical position has, therefore, been established at 97.0 degrees. 

There war some concern that the nozzle cover which wos present during t h i s  early phase 

hod some effect on the critical pasitim. An effort wos madc for hii rcoson to remove he 

cover during a period when the reactor was critical. It wos found however thot the cover 

cw ld  rat be removed remotely because of a mechanical failure in the telescoping ann on the 

nozzle cover handling boom The reactor was shut ciown, ond the cover wos rrmOvtd using 

the reactor shed hoist. Shortly thereafter, a critical conditio? wos ago;* attained, h i s  tim 

with the drum bank at 97.6 degreesQime CI: 23960). fht conciaion was that the nozzk 

cover was worth 0.6 degree drum bank motion. Since th i s  appeared unlikely, it was planned 

to redo the measurement at the first convenient t ine 

An opportunity presented itself in  EP " to do this and the removal was accomplished while 

the reactoc was critical. There was no detectaid= drum motion during the removal, indicuting 

that the earlier measurement war in error. 

It i s  concluded that in a l l  critical psit ion analyses the effect of the nozzle ';over may 

be neglected. 

Temptrature Coefficient 

It was not the puqxne of this test to acquire nuclearly significant infort ition; however, 

the leactor did heat up and i t  i s  possible to infer o temperature coefficient (admittedly 

approximate) from the measuements that were taken. These have been summarized in table 3-19. 
- m p a  - F ~ A W ~  A L 
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Si- the data system ncorckrr wen not -rating during these times tht temprutures shown 

came from "Quick look" Sonbom charnels ond consequently he data i s  not the best possible. 

Under this restriction i t  is gratibing to see the excelknt w t  ktmerr the mtoIurtd and 
calculated reoctivity charge. Since tht calculated reactiv'ty chongc resulted moinly fiun tire 
cocc temperature chonge, the core tempeiahm coefficient of -0.llflR h a  been d l y  

verified. 
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C H A P T E R  4 

TEST DESCRIPTION 

The high power test was prformed on 24 September 1964. The planned profile 
0 consisted of a reactor prechill corresponding to a 90 R drop in core inlet temperature 

followed by a power and flow rise corresponding to a S%/sec increase in exit gas 

temperature to a 50 percent+ power hold. b t h  76 percent and 83 percent power holds 

were planned followed by .I retreat to a 2200 R chamber temperature ond o scram and 

simultaneous switch to ambi-t k<ydrogen coolant. A l l  Fwer and flow changes were 

planned to be in a manner o correspond to a nozzle chamber temperature change of 

50°R,/sec, excepting for a r3S’R ’sec nozzle chamber temperature decrease rate following 

the scram. 

0 

Planned duration of the 5G percent hold was m e  minute while the 76 percent hold 

was to be terminated when twrti;ne supply pressure decreased to 1700 psig or after a 

5-minut~ interval. The supply pressure Ilold. terminaticm criteria had been established 

prior to the test us that turbine prc?ssure which w x d d  allow for a reasonable final hold 

duration. The final hold was to btz termina1.d after a 3-minute interval or at a 1Mo psig 

turbine supply pressure whicfiever M .ned first. A 1200 psig was the minimum tank farm 

pressure for turbine requirements. 
1 

Planned steady state opf sting conditions were as follows: 

Power Flow Rate Nsrzle Chamber Temperature Duration 

560 gr, 6 1 2650 1 min. 

5 min. max. 855 76 71.3 3200 
930 83 71.3 3450 3min. rnax. 

MW O-b of 1 120 MW I5/5e!c OR 

1 NTO -P-W8,  NRX-A2 Site Test Report, 20 November 19E4 
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Operating limits established prior to the test are given in table 4-1. 

Figure 4-1 graphically presents the three major parameters - nozzle chamber gm 

temperature, restar thermal power, and ccolant mass flow rate - us they varied in time 

during the high power test of the NRX-A2. 

given at four t i m e  during the test are tonridered to be the hest measure of true chamber 

temperature during the test. 

The calculated nozzle chamber temperatures 

A selected chronology of tk test is given in table 4-2. 

Witt. the reactor in power codmi at a constant power of about 2 MW and a hard 

chill of the LH feed system, the main coolant valve OBV 86 wos opened at the time 2 
designated by A cn figure 4-1, A 51 s e c d  reactor prechill at a flow rate of approximatdy 

2 Ib,l'sec LH followed, and at timz B on f:* figure the programmed run was initiated. The 

planned power holds are designated on the figure OS the time interva!s from C to D, 0 to E, 

and E to G with an unprogrammed ntanual power adjustment at time F. 

2 

Power level was higher thon planned during the ealy  portion of the startup resulting 

in nozzle chamber and fuel element temperature increase rates higher than expected. 

However, when the station 32 material temperature exceeded 1450°R the temperature trim 

loap became operative and the remaining portion of the power mmp was 0 s  planned- The 

50 percent power hold was cloae to planned power and temperature levels, with a duration 

of approximately one minute. The p r o p m e n  were switched to run at the end of this 

hold and power and flow increased to the approximate conditions planned for the 76 percent 

power hold. 

indications began to decrease, due to failure of the thermocouple potting and attendant 

bypass flow cooling the thermocmple. The temperature control loop trimmed reactor 

power to the maximum allowable increase of +15 percent during this programmed hold. 

Thus the power drifted upward during this hold of about 2 minutes. When turbine supply 

pressure reached 1700 psig the hold was end4 and the programmers increased power to 

the final planned 83 percent power hold. 

1040 MW for about 2 minutes compared to a ?lanned 930 MM'. The station 32 core material 

thermocouples were indicating approximately lo00 R low at the end of this hold. In 

addition, the nozzle chamber thermocouples were indicating temperatures several hundred 

During the power rise and the hold, station 32 core material temperature 

Power during this hold was approximately 

0 
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TAeLE 4-2 

Reference to 
Figures 

A 

B 

C 

D 

E 

F 

G 

H 

CHRONOLOGY NRX-A2 EP IV 

Event 

WANL-TNR- 199 

Control Room 
Time 

Automatic power startup 13268 

Open OBV 86 for prechill 13642 

Power starts up, end of prechill 13693 

Nozzle pressure exceed critical pressure 1371 1 

Temperature control trim starts 13713 

Start of first hold 13743 

Switch to run 

Start of second hold 

Switch to run 

Start of third hold 

13804 

13816 

1 3946 

13953 

Increase power to maximum hold 14065 

Retreat starts 14101 

Flow shutdown and power scram 14109 

Nozzle inlet temperature starts to rise 
as GH2 flow i s  established 

Cooldown 

14113 
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degrees lower than the true mixed mean chamber temperature. No useful information could 

be obtained from the station 45 core material thermocouples because they saturated at 

about 3700OR as hod been expected. On the h i s  of these errOneOus temperature indicatians 

the CTO manually increased the power to the final level of 1096 MW for about 40 seconds. 

At the predetermined turbine supply pressure shutdown was initiated with the planned 

retreat (G on figure 4-1). Eight seconds later a flow shutdown and scram, upon command 

of the Test Director, terminated the retreat. The shutdown, due to loss of the dewar 

pressure signal, was from a chomkr temperature of 3380OR rather than the planned 2200'R 

and was consequently mote severe. 

A restart and post-run critical rod position test was performed approximately 2 hours 

after shutdown. Foliowing the power test thers was a 32 b u r  cooldown period with 

ambient hydrogen, a&ient nitrogen and cold nitrogen used to remove the decay heat from 

the reactor. 

In summary, EP IV was of 7 minutes duration from the end of the prechill to the scram 

with an average power of 813 MW and maximum operating conditions of 10% MW with 

75.6 Ib/sec LH2 coolant and 3815OR nozzle chamber temperature. Operating conditions 

more severe than planned were successfully sustained by the reactor during the startup, at 

high Dower holds and during the reactor shutdown. These extreme operating conditions of 

power, temperature, pressure and flow are tabulated in table 4-3. 

Detuiled test data and analysis of the high power test described above follow in this 

same chapter. The test i s  considered in the following order. 

Contents 

Prechil I 

Control Room Time Interval 

13642 to 13693 

High Power Holds 

Startup and Shutdown 

Cooldown 14101 on 

13743 to 14131 

13693 to 13743 and 14101 to 14130 

* Power and nozzle chamber temperatures quoted are determined from a reactor heat 
balance described in the following section. 



Parameter 

NRX-A2 EXTREME OPERATING CONDITIONS 

Power - 
Integroted 
Ins tan tan eous 

Temperatures 
Chamber Rate, Max. 

Min. 

Unfueled Core Mod., Max. 
Avg. Min. 

Nozzle Chamber, Max. 
Tie Rod Exit Gas, Max. 

Time above 3250°R 
Core Orifice Adhesive 

Inner Reflector, Max. 

Outer Reflector, Max. 
Core Inlet, Min. 

Value 3bserved When Observed -_ 
6350 MW-Min. A!! EP' s 
10% 

+ 125OF/sec 
-35OoF/s= 

4350°R 
2W0R 

38 15OR 
1 67OoR 

355 sec 
1 050°R 

850°R 
1400OR 

7N0R 
470R 

Pressures 
Nozzle Chamber Rate,Max. 36 psi/sec 
Nozzle Chamber, Max. 58: p i a  
Feed Line, Max. $55 psi0 
Core AP,Max. 121 psid 
Ref. Inlet/Noz. Chamb. 
AP, Max. 172 psid 
Nozzle Tube AP, Max. 109 prid 

2 Flow - 
Rate of change 6 Ib/sec 

75.6 Ib/sec LH2 

w Astrowclear 0 Laboratory 
WANL-TNR- 199 

EP IV 

EP IV 
EP IV 

EP IV 
EP IV 

EP IV 
EP v 

EP IV 
EP IV 

EP IV 
EP IV 

EP IV 
EP V 

EP I'd 
EP IV 
EP IV 
EP IV 

EP IV 
EP IV 

EP IV  
EP IV  

For 40 seconds 

Startup 
Shutdown 

Measured thermal capsule 
Cooldown 

Ca I culated 
Abort, Tmnsien t(neg1 igible 
core AP) 

Cooldown prior to first 
GN pulse (inferred from 2 Station 8) 
Cooldown 
T 

Cooldown 
H Quality estimated 
be&veen 70 to 90% 

max. 

startup 

5 tar tup 
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PRECHl LL 

In this secbion an analysis i s  made of the prechill interval from time CR 13642 seconds 

when OBV 86 was opened to time CR 13693 whsn the programmers were switched to run 

and power started up. 

Thermal and Fluid Flow 

REACTOR 

Predicted reactor system temperatures at the end of the prechill given in WANL-TME-887 

are compared to the measured test temperatures at the end of +he prechill period in table 4-4. 

The pretest calculated values were wsed on the entire reactor being at an ambient temperature 

of 54O0R when the precfilll was initiated. The reactor had been at 2 MW for over 5 minutes 

prior to the prechill and the reflector and cote temperatures were cLws ambknt iemperature 

when OBV 86 was opened. During the prechill interval the coie inlet temperature was 

reduced from 582'R to 455"R, somewhat more than the planned 90'R reduction. Thermocouple 

T-781 which was used to determine when the 90°R quench had been obtained decreased 114OR 

during this interval. Although the initial temperatures were sonsiderably higher than those 

on whlth the calculations were based, the temperatures at the end of the prechill were very 

close to expectations as shown in the table. 

As in the case of the EP-1 B LH, test, actual flow rate could not be obtained from the 

LH flow meter FE-7 during the prechill, because part of the flow was bypassed th:ough 

valve AVV2.* However, severil things indicate that 2 Ib/sec was close tc the actual flow 

rate during the ,xechill. First, the time for the 90'R temperature reduction at the core 

inlet, measured and predicted, were in reasonable agreement (4& seconds predicted vs. 

44 seconds measured). AISG the reflecto: inlet and exit temperatures (measured and 

predicted) are in fair agreement as seen on figure 4-2. Since there i s  reasonable agreement 

between the predicted and measured values noted above, i t  i s  likely that the actual flow 

rate was close to the planned flow rate of 4 Ib/sec. 

L 

2 

* See figure 3-7 for Test Cell A flow schematic 
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TABLE 4-4 

REACTOR CONDITIONS AT THE END OF PRECHILL 
(CRT 13693) PREDICTED AND MEASURED 

Reflector Inlet (Average of 7 T/C) 
Reflector outlet (Average of 5 T/C) 
Core Inlet (Average of 11 T/C) 
T/C T-781 
Nozzle Chamber (Average of 4 T/C) 
Tie Rod Exit Gas (Average of 4 T/C) 

Time for 90 R reduction at core inlct 
Actual time of prechill 

0 

*Calculated with pre-run T N T  

Astronuclear @ laboratory 
WAN L-TNR- 199 

Mec ed Predicted* 

43'R -8'R 
331°R 35 1°R 
455OR 443OR 

565'R 6M0R 
64 1°R 5W0R 

--- 

473'R --- 

4 4  sec 48 see 
51 sec 4a sec 



Figure 4-3 k s  four time histories of selected core fluid orid materia! tempemturer tc 

i:Iustrate typical conditions in the core region during the prcchill and stort up. 

the;mocouple 1-781 d e c r k  during 16 pnchil l and continued to deem at about the 

same rate after sturtup was initiated (lime CR 13693) until about Time CR 13710. At this 

tim the flow Increased rapialy with a resulting ropid decrease in core inlet iempeoturc, 

tie rod exit 90 temperature, and statim 8 core material tempxoture. 

ana startup the core inlet temperature decreased continually to a mir i m m  at the steady 

state power hold. 

in detail in c later section of tt.is chapter a\ startup and shutdown. 

Core inlet 

During the prechil! 

Conditions during the startup period following tk prechill are considered 

An azimuth osyxmetry which existed at the end of prechill i s  shown on figure 4-3 and 

4-4. This asymmetry i s  similar to that observed i s  EP IB with a pronounced ninImum at 

1200, the locatiort of t?w naz,*e feed line, and on indication or a temperatwe depression 

opposite the line at 3003. The voriatim is sanewhot attenuated : r a r e  an 8 f i  cuimuth variation 

at reflector iolet ro &R at the core inlet. However, the rriximwn variation occucs at rite 

reflector outlet and i s  i30 R. 0 

The asymmetry shown on fiwi-e 4-4 and 4-5 disappears during the power run. This 

smoothing out of the asymmetry i s  sirown and i s  discussed more fully in the startup section. 

REF LECTOR 

T're axial distribution of mterial temperatures at the end of prechill (Time CR 13693) 

for the reflect ,. , control drcm, and control vane are shown w figure 4-6. As m y  be 

expected, the nozzle end of the reflector system where t k  low tempemture nozzle exit 

iluid enters the reflector system is  colder thon at the dome end. The bulk fluid temperature 

increases as i t  passes through the reflector due to the sensible hec 'ckup from the reflecior 

nraterials. 

cc !est. 

and thus shaw correspondingly higher material temperatures. 

Also, i t  i s  noticed that the control vane which bas a low k a t  ccpci' 7~ 

The control arum and the sectors are less effec;ively coo; . d  dt-r' *Pi, 
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Inner reilector material and seal chamtcr fluid ttmpemtures are shown m fipre 4-7. 

The seal chomber temperatures show dtctcasing temperohwe fmm the d a t ~  end to rhe 
nozzle end, with the exception d themKKouple 1-442 at stuticm 35.3, The c a u ~  of this 

single higher twnpcroture is not known. The other trmperoture mrtmenh oppaclr to bh 

as might be expected considering the law tecrpcnrtwe pin l d o g e  entering the S Y S ~ I T I  

without high power gcrrcrotion at h i s  time. The axial distributim and tempemture level 

of the inner reflector material temperature os shown in figure 4-7 k similar to thc cther 

reflector compments s b w n  in figure 4-6. b r i n g  thc m i m t  prcchi!l tht inner reflector 

cylinder cooled more mpidly than did the drum and sectw remching a lower tempemture at 

the end cf the pnchil:. This is o expected, 

A - r i m  of the meonrred values of reflector inlet ad outlet plenum temperatures 

with thore predicted in TME-887 is shown in figure 4-2 for the prechill interval. The 

calculated values for the prechill interval were from the pretest TNT referenced above, 

while the values after the prechill (after 13693 seconds) are the results of a pastrun 

calculation. 

p m h i l l  m d  stoftup intervals is in a later =Gm cm starh.p. 

A description of the TNT calculation ond cwnparism to test results for the 

Only the tmccr for thc moximun wd minimum temperature are shown for both the 

reflector inlet and outlet on figure 4-2. 

shown by the 2 u l imi t  error bond at tht end of the prechill (Tim CR 12693) and smrt of 

the fiht power hold (Time CR 13743). The reflector inlet tempcroture is the average of 

seven thermocouples d the reflector outlet temperature is  an average of five thmnocouples. 

T h e  error band shown i s  the 2 u for 95 percent confidence level. 

The linear average of h s e  b l k  tempemtunr is 

At the start of -hill the temperatures of the reflector inlet plenuw droppd rapidly 

to a steady value of 43'~.  he temperatwe of tht outer reflector exit plenum decreased at 

a slower rate because of the heat pickup in the reflector system. At Time CR 13693 the 

prechill ends m d  the startup is initiated. During the startup period the reflector inlet 

plenum temperature rises, and levels off at 9(PR at the start of the first power hold 
(Time CR 1.3742). 
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The reflector outlet ternpemture decreases after the initiation of prechill, and holds 

steady between Times CR 13695 and CR 13710. After Time CR 13710, when the flow 

increased rapidly, the reflector outlet temperature decreased rapidly to a minimum value 

about 100°R .,.id then increased to its steady value of ?40°R at the first power hold. 

Nuclear 

DELAYED CRITICAL BANK POSlTlON 

In only one of the scram checks was the reactor permitted to reach equilibrium. The 

critical drum bank position in this measurement (at Time CR 9020) was 97.6 degees with 

the reactor at slightly elevated temperature. Corrected to ambient conditions this position 

becomes 97.5 degrees. * 

Just prior to the prechill period (Time CR 13642 to 13693) the control bank stoblized at 

98.6 degrees under influence of low GH flow and elevated reactor temperotures. Followhg 

the Opening of OBV-86 the control drum bank began rotating inward slowly, reaching 

ultimately 96.4 degrees at the end of the prechill (Time CR 13693). 

2 

HIGH POWER H9LDS 

In this section reactor performance and reactor component performance TJt the steady 

state high power holds are considered. Transient operation during the startup and shutdown 

are considered in the section on startup and shutdown. Four operating times were chosen 

for examinotion of the experimental data and analyres which were required. These control 

room times (13790, 13900, 13385 and 14085 seconds), were selected as representctive of 

steady state operations during each of the four high power holds. The run profile on 

figure 4-1 gives calculated thermal power, measured flow rate and measured nozzle 

chamber temperature. At :he four steady state times, nozzle chamber temperature calcu- 

lated from the nozzle equation are included. 

* Analysis of "Quick Look" Sanbom temperature channels indicates a uniform reactor 
temperature of 570 + 10°R. The normalization to 528'R results in a drum bank position 
correction of -0.1 &gee. 

9 4 -  18 
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Thermal and Fluid Flow 
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POWER DETERMINATION 

The liquid hydrogen flow rates were calculated at the selected EP IV hold times. 

Details of the nozzle - venturi meters ond test cell A liquid hydrogen flow calculations 

are given in the appendix. Results of these calculations for the venturi meter upstream 

of the pulrp (FE-4) and the venturi downstream of the pump (FE-7) are given in table 4-5. 

In addition to these flow rates the 2 u error i s  given for the average flow rate, and the 

tie rad coolant flow and lateral support bypass flow are included. 

Calculation of the reactor flow rate and the flow rate accuracy at Time CR 14085 i s  

included as an example at the end of appendix G. The tie rod flow rates given in the 

table were calculated for the experimental reactor operating conditions using the MCAP 

program. This calculation i s  described in more detal in the section on the core later in 

this chapter of the report. The lateral support system flow rates in the table were obtained 

by extending Data Book calculations’ to A2 operating cdi t ions.  An experimental 

verification of these flow rates could not I>e made, primarily because of the questionable 

sea l  chcmber temperature indications. Analyses in this report are based m the flow rates 

in table 4-5, using the average of FE-7 and FE-4 for reactor flow. Nozzle temperature 

and reactor power i s  calculated from a heat balance usiag this average venturi flow rate. 

The two venturis are in good agreement, however m y  systematic error in the LH flow 

rate, which was 6 percent higher than planned, would affect the reactor power levels 

calculated in this section. 

2 

Nozzle chamber temperature measurements were found to be considerably lower than 

the m i x d  mean nozzle chamber temperature os determined by other means. The principal 

cause of this low indication by the chamber thermocouples is believed to be the proximity of 

the thermocouples to the nozzle wall, as discussed later in this section. The most 

accurate mixed mean nozzle chamber tewperoture was calculated from the nozzle flow equation. 

1 WANL-TME-840, G.2.d. 1. Sheet 5. Reactor Analysis Data Book 
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TABLE 4-5 

EP IV HIGH POWER TEST LH2 FLOW RATES AND NOZZLE CHAMBER TEMPERATURE 

Cmtrol Room Time (,econds) 

Reactor Flow (I b/sec. ) 

Inlet venturi (FE-4) 

Discharge venturi (FE-7) 

AveraGe Flow Rate 

20 Error of Average Flow Rate 

Tie Rod Channel Flow (Ib/sec) 

Lateral Support Flow !Ib/sec) 

Nozzle Chamber Temperature 

20 Error eR) 

Nozzle Chamber Pressure (psia) 
Average of p-122 and p-124 

1 3790 

60.1 

60.2 

60.1 

+ 1.6 

3.64 

0.28 

2603°R 

+ 2m 

382 

- 

- 

- 4 -  20 

13900 

74.0 

74.2 

74.1 

+ 1.5 

4.44 

0.35 

3390OR 

+ 210 

537.5 

- 

- 

13985 

75.4 

75.9 

75.6 

+ 1.5 

4.54 

0.36 

- 

M O R  

+ 210 

568.5 

- 

14085 

75.4 

75.8 

75.6 

+ 1.5 

4.57 

0.36 

38 1 SOR 

+ 215 

581.5 

- 

- 

. .  . -  
c, ... - - . ..IT - 



where 

W = K A  P c f l  

W oflow rote, Ib/sec 

WANL-TNR-I99 

Pc = nozzle ckamber pressure, p i a  

T, = nozzle chamber tomparotwe, OR 

A * nozzle throat area, 59.0 in. at operuting temperature 2 

K * flaw coefficient, 0.1% OR/WC average theomtical value x 0 . ~ 5  

Test values of the chamber pressure and flow rate, a nozzle flow coefficient 1.5 percent 

less than theoretical, and measured nozzle throat arzm corrected to operating nozzle 

temperature were used in the chamber temperature calculation. The resulting nozzle 

chamber temperatures at the four steady state times and the 2 u error based on flow and 

pressure accuracy and a + 1 percent 2 u error on the flow coefficient are given in 

table 4-5. Chamber pressures used in this calculation which are an average of the two 

nozzle chamber pressure transducer indications are also included in the table. Computation 

of the nozzle chamber temperature and its 2 u error at Time CR 14085 are part of the 

example at the ex! of appendix G. On figure 4-1 t k e  calculated values are compared 

to a typical nozzle chamber thermocouple indication. 

- 

A heat balance was performed from the reflectot inlet to the nozzle chamber to 

obtain reactor thermal power. Test presslire and temperature conditions at the reflector 

inlet gave the inlet enthalpy while nozzle chamber pressure and calculated temperr. Jre 

gove the nozzle chamber enthalpy. Thris, the thermal power M:, was calculated from 

the expression, 

PWR = W(hc-hr )10-6  I055 + C 

PWR = total reactor thermal power in MW 

W = rcactor flow rate, Ib/sec 

h = nozzle chamber enthalpy, Btu/lb 

h = reflector inlet enthalpy, Btu/lb 
r 

C 

when, 

C 

= nuclear heating in nozzle and radiation from core to nozzle, MW 
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The regenerrriive heat transfer between the hot and cold side hydrogen in the nozzle do 

w r  appear in tlie power expressh because the hot side heat loss i s  cancelled by the cold 

side heat gain, however, nuclear heating in the nozzle and radiation heat transfer from 

the core to the nozzle are accounted for by C in the above expression. The value of C was 

calculated and fwnd to be approximately 2 MW at design conditions. At part powzr 

operation the C was assumed to be directly proportion to the power. The factors in the 

power calculation and the calculated power are given in table 4-6. The power calculation 

and 2 u error analysis i s  given for the high power hold at Time CR 14085 in appendix G. 

Independeat methods of obtai,iing the reactor power include rabbits which were 

irradiated for specific time intervals during the test, and neutronics tank detectors. The 

neutrcnic w.wer calibration during EP-II was described in the previoi-i chapter while the 

rabbit and neutronics tank detectors indicating power during the high power test are 

evaluated in a later section on High Power Holds - Steady State-Nuclsar. Reactw thermal 

power evaluated by the rabbits, the neutronics tcnk linear number 2, and the h a t  balance 

are tabulated in table 4-7 for the four steady state hold times. The agreement of these 

power measurements i s  well within the expected accuracy of the measurements. 

Also an indirect indication of the adequacy of the power level measurements ccn be 

made from another independent source, the total integrated A2 power obtained from post- 

test radirchemistry. Post-test radiochemistry i s  described in Chapter 9 of this report. The 

idcgrated power from this source and from integrating the linear neutronics power, the 

rabbit power and le heat balaxe power are given at the bottom of table 4-7. The 

total energy obtained from radiochemistry was given with the assigned accurccy indicated 

in the table. Accuracy of the energies obtained from integrating the power data are not 

given because of the unknown error associated with the integration. The agreement of the 

total energy release i s  very good, with a total variation of less than 6 percent for al l  four 

sources. Thus, the radiochemistry results provide an gdded confirmation of the maximum 

1 

~~ 

1 NTO-M- 1671, December 14, 1964, Radiochemistry Measurements on NRX-A2. - 
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TABLE 4-6 
DETAILS OF HEAT BALANCE REACTOR POWER CALCULATION, EP IV 

14085 - 13790 13900 13985 - - -  Control Room Tinc 

Aver .ge Reflector inlet temp. FR) 92 115 13C 1 436 

Reflector inlet pressure [psiai 488 687 7.3 I 75 1 

Reflector inlet enthalpy (Btu/lb) 149 2 17 288 287 

Nozzie chamber temperature from 
table 4-5 PR) 2605 3390 3644 38 15 

Nozzle chamber pressure, from 
table 4-5 (pia) 382 527.5 568.5 581.5 

Nozzle chamber enthalpy (Btu,'!b) 9183 12259 13280 13991 

Enthalpy rise (Btu/lb) ?034 12042 12992 i 3704 

Average flow rate, from table 4-5 (Ib/sec) 60.1 74.1 75.6 75.6 

Reactor thermal power (MW) 574 943 1038 1096 
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EP I V  REACTOR T H E W &  POWER AT STEADY STATE HOLDS 

G m t d  Room Time. &at Balance, Rabbi: Neuhanics Tank (Linear No. 2) 
SeC& MW MK MW 

1 3790 

1 39O!l 

13985 

1 W 5  

Detector 

Linear neuhoni=s 

+32 574 z 38 537 - 72 

' 5 4  943 1 4 5  895 -120 

+ 55 1038 2 4 9  979 - 131 

+ 63 10% SC 1059 -,42 

A2 TEST TOTAL REACTOR ENEPGY COMPARISON 

Energy release (watt-) - 
11 3.67 x 10 

+ 32 
527 - 72 

+ %  
902 - 120 

11 

11 

Rabbit 3.59 x 10 

Therm! 3.81 w 10 

11 + 11 Post Test Radiochemistry 3.68 x 10 - 0.157 x 10 
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REACTOR AND FEED SYSTEM CONOlnONS 

For Time CR 1-5 at tiw maximum hold v i n g  cycle point cadit i-  are 

given in fig;rre 4-8. All values in the cycle diogmm QC test &to or follow directly from 
test doto unless knot& by an wter;sk. These asterisk values nrc calculatd us'- tk 

best available da?o and are the best estimate of actual operating c d i t i m s .  In cmcs 

where both a tcst ond calculut& -due is id&, tht tcs? doto is  cons'derd to bc 

unreliable. The calculctiom m ~ t f i o Q  ad tht qvcrt iwble doto  or^ dcrcribd in th is  Itctiorr, 

The stcody aprot im wos at ~n off-ckign d i t i m  d about W p c m t  powtr ard 

105 percent flow (1096 MW and 75.6 Ib/sec), The notable voriotims from cycle c d i t - a r s  

which would have bcen expected at this cpemting d i t ' a r ,  al l  of which art cansided 

in detail in the following portion of this )ect:On, m: 

a) Reflector inlet temperctum 15% hi& due to about 30 percert more heat pickup 

in nozzle. 

b) Core inlet temperatures S O R  kigh due to 15 percent mocc heat generation in 

reflector and high nozzle coolant heat pickup. 

c) Core A P 5 percent low. 

CORE 

In *',is section core them1 at?d hydraulic test results are presented and compared to 

calculated results at the steady state hold times. 

included. The measurements which were available and are considered in detail are the 

Descriptions of the analyses are also 

5 4 - 2 5  
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NOZZLE ! IO/!) WANL-TNR-1 

4-8 NRX-A2 CYCLE CONDITIONS AT TIME CR 14085 SECONDS 

STATION DESCRIPTIOK W - i b  P-mia  

1 
2 
3 
49 
5 
6 
7 
8 
9 

1 1  
12 
13 
14 
15 

Dewar Conditims 75.6 88 
Punp Outlet 75.6 932 
Nozzle Inlet 75.6 860 
Nozzle Tubes Outlet 75.0 751 
Reflector Inlet 75.6 75 1 
Reflector Outlet 62.91 713 
First Pass Shield Outlet 75.6 707 
P.V. Annulus a t l e t  12.7 i48 
Second Pass Shield Inlet 75.6 707 

Support Plate Outlet 75.6 702 
Fuel Curlet 7 0 . w  si 
Tie R o d  Outlet 4 . w  581 
Reflector Seai Leakage 0.36' 581 
Nozzle Chamber 75.6 581 

powat 1- 0 R 
MW 

99 

38 
47 
50 

136 32.0 (nozzle) 
136 
232 
2 16 
1% 
2 16 22.7 (Refl. & 1st Pass 

245 (m' 0 . P  (2nd Pass Shield) 
401 3* 1066.' (Fuel) 
674 (503)' 5.2.' (lie Rod Channels) 

18 !Sf 
3480 (3819.' l a *  (Reactor) 

Shield) 

NOTE: All  values are test data or follow directly from test data except those values denoted 
by an asterisk. The asterisk values are calculated as described in the report an. 
cons;dered to be the best values. 



A) Thtnnocarples - T a t  Doto, anolysrb veritying stot'kn 32 thennocouple 

imtallotim hilum, and fummor~ of part-opcmti-ae thcrmocarple cond;tim. 

6) lhennal C a p k  - Dcxript-m of thmnol capsules a d  thcir installctim, 

tat  dota obsamcd, ond intcrprctatiar of the dab. 

4) Multiple R e g a r  -bn Fi t  of Mcosured  cor^ Tcnpmr turcr 

Analysis of the CQC m d t r i d  tcmptratut m~aarrcm~nts to determine if a true 

d i a l  tcmpmture pofilc can bt 0ba-d OT i f  d i h t  tcnpccohrrt d i n g s  rn caused 

by random eleinent-to-elcmerrt voriotiau, 

5) Post-test Calculation of Core opmt ing Canditiocrt 

A) b r e  and Axial Tcmpmture Distributim Calculation - Colculatim 

of the core pnrrure drop d avcmgc axial temperature profile fratn tat data of flow, power, 

and core inlet c d i t i o m  and cornparism to mcor~rcm~nts. 

6) Radial Temproturn Variations - Calculation of diol  trmpcmture distributions 

a d  expected random element-to-element tcmpcmture variations at statim 45 md compism 

to measurements. 

C) Maximum Calculated Fuei Temperatures - Canporiscm of maximum caiculated 

core material tempcmtures to maximum meowred core temperatures. 

6) fie Rod Temperatures 

Measured and calculated tie rod tcm~amtwes and as uncertainty anclysir of the 

colculations. 
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Core Inlet Tcmpcnr hrrcs 

The care is &id ad orificcd to IWI with a &t!y flat did tarpcrotut profile 

(within a tal- band &e to tk use of anly 11 orifice sir-). To achieve this prpfile thc 
core must qemte  at the desigr ml t t  

crotwre is  impatmt h u r t  tht xi f ice p s w e h  &pu& on tk 
With o h  c d i t i a a  htld cmtmt ,  a rcbctim in m k t  tcnpcnrturr fran tht kigl MIUC 

w i l l  c a m  a reduction in tk impdpKc ocrod~ every a i f i c .  Thc 

be rcduccd o a  result, but the mare imQortant cffcct i s0  d i s t r i k n i o n  of flow bctwcar tht 
fuel element chanrrels. T)w result is on c x c m  of flow in the 1- power &tor t b l s  

and starving of the high power &tor charnb. 

ad cmtrol6um d e .  I.* kkt t e q ~  

propcrticr. 

drop wi l l  

Orificing of the NRX-AZ core todr place well m odvmcc of f i i !  &tcrm-ktiar of 

sufficient infamation to moke a firm pcdktiar of thc C O ~  inlet tanpmhrrc. Orific-q 

hased on a 2a0R inlet tcnperoture and a 900 hot 6un mglc. Sukqumtly, a chmgc in 

nozzle caused a reduction in prrnrn colrvlated care inlet tanpcmhrrc ut full pwer design 

carditims to 210°R. This o c c u d  too late to mol0 a c h o w  m tk orificing but rhe e k t l  

of off-desig? inlet tempcmture were included in the calculation of expected core tcmperohrr~r 

and hot chcrrnel factors. !king thc prrrur m~thod bmcd on nuximum t& d i t i o r r s  of 

1096 MW d 75.6 Ib/sec flaw, the tote mlct tmrpcmture wos calculated to be 100°R. 

However, the measured overage inlet temperature WOS 24- at maximum power (lime 

CR 14085). 

There were thret reasons for the high mcosured values of core inlet temperature: 

1) The mcarured nozzle tube exit temptrotwe wm 20% higher thm calculated (See 

the section that follows iater in th is  chopter on the nozzle). 

2) The mecwrred heat pickup in the reflector regia, was high by about 15 percent 

(See the section that follows later in the chopter on the reflector). 

3) There was an unreasonably high mcosurcd heat pickup from the dome end plenum 

to the core inlet. 

Item 3 was investigated in detail os discussed below. The t).mrmocaupla intended to 

measure temperatures of the gas at the tore inlet were located in the plenum between the 



core support plate and the cluster plate region. The thcrmocarpla m this 

high internal heat generat'm rue u n j  the coolant flow ha a relatively low vekit,. An 

analysis mxk to occant for the mtcmal heat gmcmt'm in tk thcrmooarplcs. liited 

klow are the arsurrgt-m mQdt in crwrrctmg the thmn##uplr. for internal heot gener0t-m. 

hove a 

1) In determining the hcat tramfcr caff ic 'mt it wlls aocumcd h t  tk thcrmocouQlc 
suw a hydrogen - la i ty  eqml to the- coolant velocity in haso kt*rtccr th 
arppat plate and h e  cott. The thamoccupla wue located be- holes in tk nr~pat 

pbte. The OD of the thermocouple is about 0.065 'inch old tht typical 

hole pa- is 0.375 -rich holes an a C. 7 inch pitch. Therefisre, it i s  papcible that the 

thmoamplt SQW a velocity Ius thon thc CIVC~OQC. 

p b  

2) The hcoting mtes in thc thmnocoupla were bgcd m thadt pcscnted in 

WANL-TME-840, Index Nvmbcrs F. 3.d. 4.21 ond F. 3.d.4.22. These heatmg rates ore 

b a d  an 13 minutes at full  puuer and includes the prompt ad dtloyed ~ a m o  heating. 

Since NRX-A2 wos not at carstmt 100 percant power, it was d i t r o r i l y  o ~ ~ u m e d  h t  

Time CR 13743 (beginning first hold) was equivalent to 0 time. The delayed gm\mo 

k t h g  wos odjusted according to thc mtcgroted pamr from Time CR 13743. Thc pranpt 

gamna heating was adjusted occd ing  to the p e r c e n ~  of 1120 MW at the hold. 

Table 4-8 column 2 shorn each core inlet thennocouple corrected for intemal heat 

generation at each of the four steady stcte holds. Tcmpcmtwe comctians of up to XI% 

OR shown on the average cocc inlet tcmpcratun at T i m  CR 11085. 

correction, the core inlet tcmpcmtures a n  from 0 to 3 percent lower thar the m u r e d  

temperatures at the dome emd of the shield in column 3. This indicates a systematic cn# 

in the correction, probably in heoting rates or heat trmsfer coefficients to the low 

velocity coolant. It is conclded ttut internal heating in the core inlet thermocouples 

effected the temperature indication. However, an accumte correction umnot be calculated. 

The most accumte value for the core inlet tempsutures was found by using the measured 

temperatures at the dome end of the shield and adding to th is  the calculated tempemtun 

rire of the coolant due to the heat generated in the shield, screen and support plate. This 

method removes all uncertainties except that due tc measured total flow and calculated 

A h  makmg this 
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total heat gcncmtion in the materials. There is  no other method of determining the core 

inlet tcmpemture thot is not wb@t to the same or similar uncertainties, plus others. 

However, support plate tempemtun mcosuremmts tmd to verify the h e  end plenum 

hydrogen tempemture tneasurtments. 

b e d  on the informotion presented in WANL-TME-840, Index Number F. 3. b. 1, thc 
-a. 197 
-0. mc power generated in the second pass shield, screen, ond support plate is 0. 178 

percent of f u l l  p e r .  

At 10% MW and 75.6 Ib/sec flow, the A H  from dome end to core inlet is: 

(l096)(.00178)(.948 x IO’ BTU/UW see) 
n.6 AH = oiw = 

BTU/Ib 
+ 2x4 
-11.1 

AH = 24.6 
The resulting AT, with uncertainties is: 

F a  analysis, i t  was decrded tc split the difference in the uncertaintier, and the AT at 

Time CR 14085 was set equal to 9 - + SOR. Otter power MQ were ono~yreci in the same 

manner, and the results a n  in table 4-8, column 5. Ths, it is concluded thot at the 

maximum power the core inlet ternperotun wm 225% - + fi, while i t  wos expected to bt 

1W0R. This difference is caused by higher than expected heatmg in the reflector r y ~ t t m  

and hightr thon expected k t  ?ickup in the nozzle tub,&. On the basis of thew rcr~ltr the 

core inlet temperature for the NRX-A reactor at design conditions of 1120 MW ond 
71.3 Ib/sec LHZ i s  calculated to be 245% 

Core Pressure Measurements 

Two sensors, P-122, and P-124, that were located in the nozzle chomher opemtd 

reliably during the high power holds. There wol one pressure measurerrent in the core 

inlet plenum, P-604. The core pressure drop was -red by one imtrumt, DP-603. 

fhe core pressure diop agreement between DP-603 and the difference between obolute 

pressure rneosurements at the core inlet and exit was within 1.5 p i d  or less. 
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The measured core inlet pressure is on line 4, table 4-9. Line 10 contains meowred 

core exit (nozzle chamber) m u r e s  04 line 12 the mcourrd cere pressure drop. T k  

maximum meosured core pressure drop of 121.2 p i d  occurs at T i m  CR 1-5 duricg the 

highest power hold. 

Core TemDerature Measurements 
~~ 

THERMOCOUPLES 

Thennocouples were located within unfucled elements at four axial staticns 8, 20, 32 
and 45 inches. 

during the high power holds were three! at s t a t i m  8, three at station 20 and one at station 32. 
Twenty five s t a t i m  45 thermocouples remoined operative, but star ted to dC;@ o expected 

during the power hold at 943 MW and were trnrelioble thereafter. 

(figure 4-9). The number of thermocouples that remained reliably opmrtive 

1 

Only the core thermocouples at station 45 s h e d  si- of extensive environmental effects. 

The amount of potting compowd remaining in the potting slot at station 45 varied. Thc 

cement which remained was in poor condition. Surface conasion and souting around the 

slot indicated that there was flow though the thermocouple shim hole ond out the slot. 

During disassembly, the instrumentotion appard to bc in gmer01Iy good condition. 

The station 32 thermocouples appeared to be in exceilemt condition except that the 

potting used to hold the sensing end of the thennocouple to the element was completely 

missing. In only one case did the potting remain and this case contained the only statim. 

32 thermocouple which did not give a lower than predicted temperature reading. There 

were two elements found fractured at disassembly which contained station 32 thermocouples. 

&th froctures were similar and in the vicinity of the cold end of the potting slot. 

Only two other major abnormalities were obrerved during disassembly. The first was 

the badly damaged sensing ends of t k  tie rod exit gcs thermocouples. These sensing ends 

were bent and appeared to have been severely rubbed. The second concerned the position 

1 WANL-TME-1079, NRX-A2 Instrumen?ation Disassembly and Post Operative Report, 
8 January 1965. 
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TABLE 4-9 

TEST VALUES AND POST TEST CALCULATIONS AT FOUR STEADY STATE HOLDS 

Control Room Time 
Power (thermal) 

Core Inlet Temperature, OR 

1. Calculated 
2. Measured* 

Core Inlet ?ressu.e, Pria 
3 Ca lculoted 
4. Measured 

Fuel Element Gas Exit Temp., OR 

. . .Iximum F U ~ I  ~emp., OR 

5. Ca I cu lated 

6. Ca Icu iated 
7. Highest Measured 

Tie Rod Exit Temperature, OR 

8. Ca I cu IQ ted  
9. Measured 

Core Exit Pressure, Ria 
IO. Measured 

Core Pressure Drop, Psid 
Ca I cu la ted II. 

12. Measured 

0 Shield Dome End Temperature, R 
13. Measured 

Total Flow, Ib/sec 
14. Measured 

Nozzle Chamber Temp., OR 

lines IC and 14. 
15. Calculated from 

: 3790 
(574 MW) 

153 9 
172 

462 f: 12.9 
460+ 13 - 

2753 2 200 

2937 2 2M 
31802 105 

374 
513 2 26 

38lk 10 

81 28.1 
70.7 2 3.6 

148 2 7.5 

60.12 1.6 

2603 f 200 

13900 13985 14085 
(943 MW) (1038 MW) (10% MW) 

204-9 220'9 225 9 
219 233 245 

652 2 12.8 691 2 12.7 707 2 12.7 
701 + 13 648+13 - 686+13 - - 

3579 2 2?0 3839 2 210 4013 2 215 

453 485 499 
611 ~ 2 6  557i26 690 2 26 

1 1 6 ~ 8 . 0  12427.8 127 a 7.8 
11 1.7 t 3.6 118.7 f. 3.6 121.2 2 3.6 

1% k7.S 211 f 7.5 2 1 6 ~ 7 . 5  

74.1 -f 1.5 75.6 2 1.5 75.6 2 1.5 

3390 2 210 3644 A 210 3815 i 215 

*Core Inlet Temperature ThermocouplcReodine Uncorrected for Internal Heat Generation - 
The Correction i s  Approximately o 20 - reduction. 

**Hi hest Thermal Co e reading at Statim 45 Inches. 
4 - 33 &. r d  
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Figure 4 - 9 NRX-A2 Shimming Distribution ond InstrummtSrion Plocomnt 

4 -  34 
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of several seal chamber thermocouples; they appeared to have been installed ai h e r  

than the specified installation point. These thermocouples were position such that they 

were mable to sense the true real chamber gas temperature. 

Daring the four high power holds the thernocouple memsuremt:lts of core material 

temperatures showed the expected pre-test trends, except f i the station 32 thermocouples. 

Figure 4-10 contains the time history of one station 45 core material themacouple and two 

statim 32 core material thermocouples. 

wcs typical of a l l  station 45 thermocouples and war as expected. When the temperature 

exceeded about 37@R, the thermocouple degroded and gove an approximately constunt 

indication regordless of temperature. This degradation i s  the reason station 45 thermocouples 

were not selected for reactor control. The statim 32 thermocouple, T-647, indicated 

temperatures very close to the expected trend at this locotian; however, this thermocouple 

was the only stutim 32 unit which indicated the expected temperoture. Thermocouple 

T-643 an figure 4-9 is  typicoi of the behavior of the rest of the stat ion 32 thermocouple. 

They diverged from the expected material temperature during t'he rise to the second hold 

and indicated temperatures up to 120°R low. 

potting had failed around the suspect thermocouples al!owing flow in the chonnel through 

which the thermocouple was inserted. The results of a post test onolysis showed that the 

low temperatures could be attributed solely to this leakage flow. 

analysis i s  contained in appendix E. 

The trace of the stution 45 thermocouple, T-632, 

Port run obrcrvations indicated that the 

A discissicin of thiz 

The 2 u error in a single thermocouple reading during all high power holds at s t a t i o n  

20, 32, or 45 i s  + 105%. 

and reading error. The 2 u error in the calcdoted temperature at stotion 45 w i l l  he 

discussed along with the method of post-test colculations. 

This is b e d  only on the doto ucquisition system, instrument error, - 

THERMAL CAPSULE TEMPERATURE MEASUREMENT DESCRIPTION 

The utilization of thcrmol capsule temperoture meusorement, contrasted to the 

thermocouple, docs not provide a temperature time history. Thermal copsule ttmpratures 

are determined durIng post-operotive inspection and define moximum tempemtures 
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experienced fvr each specific placement. Two inherent advantages of the 

laboratorv 
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thermal capule 

over the thermocouple are, (1) determination of an axial tempemtur : profile for each 

h rma !  capsule placement and (2) no instrumentation ieads. L k n  installe? tt se units 

ore potted in permantntl) Jnd do not perturb the design geometry. 

Basically thermal capsule temperature measurement consists of a large number of 

individual small wire segments that have different calibrated melting temperatures. Each 

wire segment is  selected because of i ts  material composit;on t c  qrovide a given calibrated 

melting temperature. Table 4- 10 identifies *':e wire segments and their respective caposition 

and melting temperature. In any given thermal capsule placement individual wire segments 

having different melting temperatures are placed end to end in a groove along the length 

of an unfueled element and define several arrays of 'ernperature uersus position. This 

arrangement of itidividual wires provides for a determination of an axial temperature 

profile and defines a thermal capsule family distribution per placement. 

one standard family was utilized. Figure 4-1 1 illustral=t the standard thermal capsule 

family tetcperature pattern in terms of individua! wire melting temperature versus axial 

position. Also superimposed in figure 4-1 1 i s  the axial temperature distribution calculated 

for the NRX-A2 nominal full power condition. Table 4-11 lists !he standard r h e m i  capsulc 

family distribution according to wire code and axial distance from the inlet md. Thermal 

capsules were also utilized in the unfueled filler strips that form the circumferential boundary 

3f the core periphery. The srandard family was employed only in the core region and placements 

were only in unfueled elements. The thermal capsule family distriburion employed in the 

filler strips was different because of filler strip temperature level and geometry. Each of 

the three htrumented filler strips were grooved the same; namely, axial pzsitioning of 

indivic 

tile. Table 4-12 identifies the filler strip thermal capsule family distribution. Temperature 

determination i s  done durirq post-operative evaluation and consists of rebriewing X-ray film 

which shows whether melting c f  a placed wire has occurred and i f  50 provides a determination 

of the material temperature 

i s  made with pre-operative f i lm records of the installed wire that is done prior to cluster 
assembly . 

In the NRX-A2 

units between ledges in the face of the filler strip that is  adjacent to the py 3 

When a melt'qg condition i s  questionable then Q comparison 

m -- -m f i v m  
-rum .I-. -I 4 - 37 
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WANL Code NO 

TABLE 4-10 

L I S  GF THERMAL C A r d I E  METALS AND ALLOYS 

Wire Commi t i on*  Nominal 

1 
2 
3 
4 
5 
6 
7 
8 
Y 

10 
27 
26 
12 
13 
14 
15 
i 6  
17 
18 
i9  
20 
21 
22 
23 
24 
25 

Aluminum 
28 copper - 72 silver 
20 copper - 80 gold 
Silver 
82 silver - 18 pallodium 
67 silver - 33 palladium 
50 silver - 50 palladium 
25 silver - 75 palladium 
15 silver - 85 palladium 
Palladium 
85 plgtinum - 50 palhdium 
50 platim-3 - 15 
Rhodium 
:2 *ididm - 88 platinum 
50 iridium - 50 rhodium 
63 iridium - 40 r ' d i u m  
80 iridium - 2C rhodium 

lridiutr 
21 tantalum - 79 niobiu5 
Rhenium 
67 tantalum - 33 niobium 
78 fmtalum - 22 niobium 
Tungsten 
9G tartalum - 10 nicbium 
Tontalum 

Mol ybdenun 

Indicating Tempemture 

cC OR 
- *w +540 
660 1674.9 
7 w  1895.4 
915 2138.4 
970 2237.4 

1095 2462.4 
1215 2678.4 
1310 2849.4 
! 420 3047.4 
1460 31 19.4 
1495 3182.4 
1585 3344.4 
1625 3417.0 
1675 3556.4 
1775 3686.4 
1895 3902.4 
2005 4100.4 
2150 4361.4 
2195 4442.4 
2305 4540.4 
2431 - 2 9 7  
2475 4946.4 
2636 - 2763 
2631 - 2700 
2705 5360.4 
2830 5585.4 
2845 5612.4 

4868 - !io05 

5237 - 5465 
5228 - 5352 

*These are used in the form of 0.040 Inch wire approximately (2.25 Inc5 Img, and 
~nclosed within graphite cyl indrical capsules 0.40 Inches in length. 

4 - 3 8  
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TABLE 4-1 1 

THERMAL CAPSULE FAMILY DlSTRl WTlON 

Standard Family Standard Family 

WANL Code No. Stution - Inches 
inlet of Element 

20.0 
1 20.4 
2 
3 
4 
5 
6 
7 
8 
9 

10 

X. 8 
21.2 
21.6 
22.0 
22.4 
22.8 
23.2 
23.6 
24.0 

7 inch Spacer 31.0 

6 31.4 
7 31.8 
8 32.2 
9 32.6 

10 33.0 
27 33.4 
12 33.8 
13 34.2 
14 34.6 
15 35. c 
i6 35.4 
17 35.8 
18 36.2 
19 36.6 
20 37.0 
21 37.4 
22 37.8 
25 38.2 

WANL Code No. 

24 
25 
blank 
Man k 
blank 
6 
7 
8 
9 

10 
27 
12 
13 
14 
15 
16 
17 
18 
blank 
16 
15 
14 
13 
12 
27 
10 
9 
8 
7 
6 

Station - Inches 

38.6 
39.0 
39.4 
39.8 
40.2 
40.6 
41.0 
41.4 
41.8 
42.2 
42.6 
43.0 
43.4 
45.8 
44.2 
44.6 
45.0 
45.4 
45.8 
46.2 
46.6 
47.0 
47.4 
47.8 
48.2 
48.6 
49.0 
49.4 
49.8 
50.2 

Total wire units per family = 54 

'20 lncn plug when an element with shims i s  specified otherwise for e l e w  ts with no shim 
!- 4es +his 20 - Inch section is not grooved. 
a-- - m  

m .  4 0.40 - :"9 -uclw I m r  - --  
IG-7 KBL I L u  un m I 

- - I  - -  A -  

- 8  . 
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4-12 

FILLER STRIP THERMAL CAPSULES 

Filler Strips to be Capsuled 

Thermal Capsule Filler Strip General Locatiar On 
No. secta- No. 9 - Eoch Filler Strip 

TC 056 2 18 120 undtr tile in shelves 5, 7, ond 10 
TC 057 4 18 240 (crunting from core inlet end) md 
TC 058 6 18 360 on "F.S. 19 side" of strip. 

Thenno1 Capsule Family To Be Used in Each of tk Above Filler Strips 

WANL Code No. 
Sw WANL Dwg. 9780074 

1 
2 
3 
4 
5 
6 

1 
Axiol Location - Inches 

From Core Inlet End 
Of Filler StriD 

Shelf No. 
From Core Inlet 

End of Filler Strip 

12.75: to 13.15 
13.15 to 13.55 

19% b 14.3 
13.S to 13.95 

14.35 to 14.75 
14.75 to 15. 15 

18.93 to 19.33 
19.33 to 19.73 
19.73 to 20.13 
20.13 to 20.53 
20.53 to 20.93 
20.93 to 21.33 

28.20 to 28-60 
28.60 to 29.00 
29.00 to 29.40 
29.40 to 29.80 
29.80 to 30.20 
30.20 to 30.60 

10 
10 
10 
10 
10 
10 

Must aM 4.75 inches to dimensions to get location from core inlet (station 0) I 
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In al l  there were 53 standard-iamily thermal capsule core positions that are reported 

for !h NRX-A2. 

rwular - clusters, which def ind three radial lines of temperature meclsurements. The other 

34 placements were in the core Feriphery; i. e., irregular clusters m d  essentially were 

concentrated in one sector. 

presented in the subsequent sectlo -. 

Nineteen of these were positioned in the core centrol region; i.e., 

A description of specific placement and test interpretation is 

TEST DATA iNTERPRETATlON OF THERMAL CAPSULE PLACEMENTS 

The interpretation technique of thermal capsule +emperdure measurement involves first 

the determination of a transition boundary in each of the four arrays thot are defined in the 

standard family; i. e., wires that exhibit a fused condition between those which show no 

change in physical shape. Figure 4-12 i s  a typical X-ray photograph showing fused and 

intact thermal capsules. The later condition denotes that the respective local temperature 

did not exceed the calibrated temperature of the as-placed wire unit. 

transition point has an axial poiition by nature of :he odiacent coded wire units and their 

axial position. 

i s  fitted a characteristic axial temperature profile. 

temp-tature accuracy that Is less than the spread between any ?*ro successive wire temperatures 

(See !Gwer curve on figure 4-13 for example axial profile fitting) For instance at station 45 

the condition of the wire unit in adjacent armys places the profile in either the upper or lower 

portion of the soread between two indicator temperatures evaluated. 

ature reading accuracy that i s  less than 2 100 R r50 R. 

calibration is fS4'R. 

Each established 

These pointr then define a four point axial temperatwe distributim to which 

The fitting of the profile provides a 

This results in a temper- 
0 0 

The accuracy in individual wire 

Evaluation of NRX-A2 thermal capsule tsults of in-core temperature distribution ore 

presented for the central region which essentially defines a radial condition whereas the 

peripheral region reflects d i a l  and smal! measured azimuth effects. Figvre 4-13 shows 

thermai capsule results of axial temperatures in thc central regim in w.lich the radial temp- 

eratwe spread at the hot end of the core was within 40O0R. Two shoded oreas are identified 

in figure 4-13. 

in the range of 4300'R to 4350OR inclusive. A r m  II covers 8 profiles with temperature 

e - - - -- I-' 4 I 
- u - v  1 - 4- 42 
mp------- - - - -  
m r n R b m b - - - -  n -- 

1 ?a I bounds 1 1  cxial profiles which indicate tempercturos at station 45 
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at stat'kn 45 in the mnge omIusive of 415ooR to 4 w .  Because of corrhd 6um efkcb 

thb 
of- in tk pslipheml region. Area I of fiigrrrr614cavldn8pofila, m the rong,d 

distribution m the priphery WQS w'c.kr. F i v  4-14 s h a r  a max'hm~ spreod 

13sooR - 440041; mea II hor 19at 4oooR = m%, and arcQ 111 covcrs7 m the - 
including m% - 41S%. Fi- 4-15 s)*nn the thUmOl C r r p a h  con pk-t ad did 

tcmpcmhrre dbtribut'm at s t a t ' h  45. F i w  4-16 is on enlorgccnant of k c t o r 1  at the 

periphcnrl regiar which hod a cmccntmt'm of them01 capsule plocarnantr. F M  4-17 is 

a mdiil plot of the stot'm 45 therm01 cqsule mditgs. 

Therm01 capdule tanpcmium meummmmt in the core filler strips consisted of three 

pbcemmk. Tht inrtnmcnted filler strips a m  idcntifikd h fiv 161s ad are daigated 

01 2-18, see WANL-lME-840. F i v  4-18 shows the thermal capsule family distribut'm os 

well os the calculoted axid tapemlure distributiar. Ths ta t  r e ~ ~ l t z  indicate thot the 
tcmpmtutrs in these instrumented filler sirips wcn greater thm 208% at thc mi- p10ne 

as well os at s t a t ' h  33. At stctians 18-20 however the -red tcmpmturcr tend to 

canplement the predicted calculated vdues. 

Tequohrrc levels of these three filler strips when camparad circumferartially reflect 

a s im i la  trend of tanpuoture l e v 4  thot were mcoard in the m pcriphy. 

Multiple Regress ion F:t of Mcorurcd Core Tcmpr;lat.ses 

Due to ths df-desigr inlet tempemhue ond dnm angle, the dial tcmpcrature profile 

in EP IV would not be expacted to be flat. Figures 4-15 ad 4-16 show the core CRSS 

section with tte station 45 t h l  capsule ding md location. The d i a l  varhtim is 

quite evident in Sector 1 where eight pain of thermal capsule d i n g s  in eight peripheral 

elements show an increase in meosured tenpcroture with d im.  A well-defined d i a l  

variation in tk core centml -ion cannot be ah~d on tk three dii shown in ffgurc 4-15. 

In ader to determine i f  the thennal coprule d i n ( p  at station 45 show a true depedmce 

an d i a l  location or if tk different rd in (p  ore cowed only by tondom element-h-element 

tempcr~hrre variations, a statistical onalysis wos p.rfomrad on the temperatures using the 

4-15 
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stepwise multiple regressinn technique.* The data from 54 thermal capsules, a @ size 

sample for an analysis of this type, were correlated with radius and the rondom voriation 

of temperature for the correlation was determined. The mdial correlation essentially 

removes systematic variations; and therefore, the deviation of the mzasured values from the 

correlation are rand rn variations. 

Ar.,. polynomial or logarithmic curve f i t  to the datu can Le postdated initially. In 

this case, it was assumed that the equation would have the fqlls 1;ng form: 
n 

* *  + ~ , r  
2 T = C o + C  r + C 2 r  +C3r 1 

whera the csnstants to be determined can have position or negative value;. The rems in 

the assumed equation which have physical significance are determined by the "F level" 

test,(See appendix F). After the best curve fit tc the data is  found, the rcndom variation in 

the data is determined. This variation wil l include the actual mndom variaticii in temperature 

as well as the accuracy with which an individual temperature ca i  bo read. These are 

combined to make up a total variation by: 

2 2 A  2 
@Total ' @Temp uTC Reading 

As was discussed previously the melting point of each individlrol wire was determined 
0 

to within - + 54 R. In some cases, the difference in noniinal melting poinis for two adjacent 

thermal capsules i s  more than ?OOoR. Therefore, the uncertainty in a single measurement i s  

in excess of + 200 R. However, when several axial measurements in one element are 

combined, and the best possible axial temperature profile i s  drawn through the measured 

points, the uncertainty in the resulting profile is not mor than - + 'OO*R. This value is taken 

to be the 3 standard deviation level for the accuracy of the temperature measurements; 

0 

= + lOOOR i.e. 317 TCRed - 
The NRX-A2 thermal zapsules in the J row and in the central region of the core at 

station 45 were analyzed separately using the multiple regression code. The central region 

indicated a constant nomina! tempercrture of 4276'R with the 3 u totcri = 192.3OR 

* 

P 

SHARE Pro ram CR MPR2 Stepwise multiple linear regrcssion, Gro Research and Engineering 
Cox;& j s l 9 5 S _  ' . _  d 
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According to thc multiple rcgarian a d p i s ,  tlm *rol no -turn vaiatiar which 

could be carclarcd with d im .  Sut rocting out the mndom thamcl caparle d b g  m: 

(3uTemp l2 * (!92.312 -( 

(*Temp l2 = (164)* 

Since 2u emxs ae used rhroughart this report, tht final reru!t of the therm01 caparle 

multiple rtgcaion jnolysis far the centml region d the uwe at stat'm 45 is: 

T = 4276 + lopoR - 

w h c r ~  10ooR k tht 20 mmim vc:;ctiai. ~b some proced~re for tht periphery imtjiantcd 

the )cm9creturc WOS a linear function of radius: 

T = (1914 * 143.8 r) % 
where r is core dius in inches. ~ h t  20 rnndom temperature mriatian is + 179%. f h ~  

m l t i n g  curve fit of the thermal capsule dota for tht central and periphmrl regian is 

given in figore 4- 19 

- 

The t h l  capsule readings used in .he above o tm lp i s  define the maximum tcmpcnrture~ 

expcricnccd, which would be during the highest power hold at OQpIoximately Time CR 14085. 

Far the other power holds, the ~:mnacoupls mca~rements must be used. The NRX-A2 

tknocoupla are less desirable than the thcml copsuler to analyze statistically because 

of tk smaller sample r i z t  and also in the periphery there are actually anry 2 radii represmted. 

To m in tah  J sample of sufficient size and distrihution the thermocouple data WOS not broken 

into separate peripheral and central zones. Only station 45 was analyzed. The only c ~ er 

statim with a sufficient number of themro~ouple for cnalysk tation 32 but becam of 

leakage a r w d  the thermocouple they were not consijcred dependoble. 

ToMe 4- 13 summarizes the results of the thermocouple multiple regression analysis at 

eacc~ of the four steady state holds. The table shows the mdom temperature variation 

increases with increasing pcwer up to the high power hold. At Time CR 14085 tk mndom 

voriation i s  smoller than at Time CR 13985. This i s  attributed to the saturation of the 
a -  - 
A- mwu U Y G I ~ W ~  4 - 52 
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NOMINAL TEMPERAWE BY MULTIPLE REGRESSION 

UPPER AN)  LOWER 20 TEMPERATURE LylAllS (UNCERTAINTY IN * 
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MULTIPLE REGLSSfON RESULTS: 

T = C 4276 + 109 OR (Center) 

t 
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4 -  19 CONPARISON OF NRX-A2 WEWAL CAPSULE RESULTS 

WIW POST RUN CALCULATIONS AT HIGH POWER Xu- 
.I _- _- _ -  - - - .  --_ - _ _  - .  



131790 2m3 T = 3aQl-Q-r Wl4r 

122% 2 13900 3753 T = 3713+Qnm3nr 

14065 3918 T = 39uI 140% 



P m c r  factor is the ratio of heat W t ' m  rote per chmnsl to averoge rate 
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pawer factor pn+ is cquivdcnt to m ideal orifice), This MCAP modcl is  eqJivalcnt to 

the fuel c h l t  in the oduilt core. Each gmup of chmnels having a cmmm a i f i ie  

and pomr foctor i s  treated m a  tingle channel in the MCAP progom to &in the axial 

presswe and tanQcmtun distributim, lk rrsulthg flow per channel is then multiplied 

by the number of cham& in each p u p  to obtain he ovemll flaw ad power balance. 

The tie rods am repmsentcd in the tie rod pogom by 289 QamlIel charnels Men into 

49 occording to power foetor. Each tie rod chormcl har the --built inlet ad 
exit lors cafficimt, The 1-1 support rcal b y p ~ ~ ~  flaw in the torc is & mmt 

at 0 . s  I b / .  with an exit tcmpemtun of 1815% far all calcul~tiarr. 

A flow =-tic for the care model u s d  is shown in figurn 4-20 with measured d v c r  
used as input md colculoted rrwlts for Time CR 14085. Measured input valuer on indicdd 

by on ostcrisk. The ovemll power balance for thc sy~tcm i s  writtcr. 0: 

(Pawa from tie rods) + (Power from brprr cmhnt. 

I Total reoctor flaw. WTota I 

H = Enthalpy at desigmted location. 

8 Flaw per fuel chonnel at p e r  factor i. Wi 

ni Number of fuel channels in p e r  kctar group i. 

* Flow per tie rod chomcl at power kctor k. 'k 



0.36 Ib/sec 

T = 1815OR N o u .  = 3815'R T* 

f h .  BY 

Nozz. = 581 Psia 
v P  

Ch. 
Note: *Metnured values used as input, others are calculated. Others ore NRX-A2 EP IV 

Post Test Calculoted flow Schematic Time CR 14085 (1096 MW) 

NRX-A2 EP IV POST-TEST CALCULATED FLOW SCHEMATIC CRT-1-5 
(1096 MW) 



The requirement of equal prcztwc drops m all parallel c h l s  places the oddit'mi 

restrict'm on tht model which enables the calculation of a flow balmce between tie rodr 

and fuel charnels. The presswe drop and haat tmnsfer correlations used are described m 

WANL-TNR-128, Vol. 111. The mixed mean p exit temperohm frun the e l m  g r w p  of 

fuel charnels is specified in M A P ,  but must be ad'wted with -h itemtion to maintom 

the constart p e r  us the flow balance between tie rodr and fuel c h i s  is adjusted. Tha 

final converged ralutiar yields the calculated p exit temperature and axial knpmtum 

distributions for each of the eleven puwer factor grarpr. The canverged rolutian also gives 

a calculated care praturc drop for the mensurd flow md power. 

The same model for the as-huilt cam wol used for all power holds. The change in drum 

angle frun 90 degees at the vor.hs holds w i l l  not chcmge the calculatad overall flaw bnlance, 

pressure drop, or average gor and material temperature sigrificantly. Individual channel 

flows and temperatures are affected by the drum angle and a correction wol mado to obtain 

the d i a l  tempemture profiles which w i l l  be discussed. Table 4-9 is  a wmmory of the 

pat test calculated and measured core parameters at each of the four power holds. The 

calculated wlucs for con  pressure drop a n  within 5 percect of measured and are consistently 

an tha high side. This suggests a poaible systematic difference in friction factor, chonnel 

roughness, odditional leakage, or an error in total reactor flow rate or power.. 

Figures 4-21, 22, 23 and 24 show the calculated axial tmpmture distribution for the 

average power foctor at each of the four high power holds. Also shown is the average 

and spread of al l  thermocouple d thermal capsule measurements. There i s  a 20 error in each 

calculated temperature caused by the errors in meofured reactor flow, inlet temperature, ond 

nozzle chamber temperature. These cm directly applicable to determine the agcament 

between measured and calculated values to a 95 percent confidence level. 

The consistently low calculated temperatures indicate thot a systematic error is in the 

analysis, even though agreement at statim 45 inches i s  within the 2 u limits. There are 

several possible reasons why measured temperature, could be higher thtm calculated including 

an error in measured total reactor flow and/or power. 

+See further analysis in WANL-TNR-159, Supplement I 
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1 4n analysis of thc effect of p m m  heoting on a high teinpemturc hrmocouple 

s h o w ~ d  that tte t+:mOCouplt d i n g s  opcmte b t  72% above the shim tmic wall 

tmpuuture. 

themiouplcs and thermal cjpwla.  

lnvatigotion is un- into t b  effects of gamma htoting on NU-42 
I? 

One Pswmptitm moje in the MCA?-Tie rod itcmtims p v i a r s l y  d i d  i~ wDTt)lr 

of note. The axial fuel temperotu~ fran the ortrogc MCAP chonneI are used o a 

barndory c d i t i m  in the tie rod progom. T h t  hcat garemtcd in the mfueled malulc k 

carbc:ed primorily intc the fuel c)mneis new the +let, ad primarily into the tie d 
c-1 near ti* exit. An inporto-t ossumptia, *+e in the -!Fir i s  thot the hcat 

cad~~c ted  into the b i  chonnels Is ins ip i f ice 4*I  cclrparcd W l t h  the k a t  t b t  is . 

generJt4 in the fuel. 

awlysis i n s t d  of TOSS-MCAP or 3PfiCIN w k k h  w d d  include conduction effects. 

this aswmptim is valid, then this -11 olt - at d hcot from t k  unfueled nodtrk k not 

enough to sigr i i?-mtly mist ihe fuel tcmp.~tures which were u s d  01 boundary c a d i t i  rt~. 

Since :here is c tidence of a systano+;c emx in the colculotiorrs, investigot-km of this 

asumption i s  bein9 continued. 

This m M a  the ust of tk idated c m c l  MCAP pogom for t k  

I f  

2 

RA@IAL TEMPERATURE VAlilAT!UNS 

Si=% the control drun angle and core inlet tempcrcrtu:a during al! four high power holds 

in EP 14 were off-desie, ?be radial nmpemture distributiL,n i s  qot flat. The 90 d c v e  

control drum angle woj used to calculate the pressure drop cmd t+e ovemgc fuel rcmpcroture, 

sirice r'ke are n3t sigrificantiy affected bv the drum angle. The effects of the off derigr 

inlet lcmporature con be s e n  in ik d i a l  temperature profile for the 90 degee  dfLm ungle 

in figures 1-19 and 4-25. The high power &tor chonnels, which are sta.ved by a lower 

ihon design inlet temperature are !sated mer the core caterline and at the outer edge of 

each peripheral loading zone (approximate todh~~  14.6, 15.4 and 17 Inches!. T h e  highest 

:emp+ratures are seen to occur in these IOOG . r.s. 

1 V, 4!L-TMc-1076, Effect of Gamma Ytrcrting on a High Temperoturr Thermocouple 
8 krutrrv ;965 

--- 
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The d i a l  temperature profile at the V t i n g  d w m  angle was obtained by adjusting 

the MCAP resultr ct a #) 

is  icnown at each corc locatian,ad tht c b  n 90 a i t  temper&wre with pcrrmt change 

in power foctor is  known from pomcnctric &tu. 

aturn -le were then djdd at coch rodid loccrt'm a c d i n g  to the drum p i t h .  

argle. The percent chmgc in power foctor with drm angle 

ht 90 exit tcnpcrotum at tk 90 

The o f f d i p  drum -1- w i l l  cousc the paw- to be n ~ a  thc tort centcrlhne 

ond irrcreoKd near the core pcripky. Tht cunparism for &um angle 99.6 d-grees vs. 

5% deqees in f i w e  4-25 ond 103 a. 90 

It is seen that the off-desigl dnrm angle tends to flattar tk d i a l  tempemture dirtrbtion 

in tk core cmtml region ond a w l i b  the tempera- incrcost with radius in the CO~C 

periphery. 

capsule meosurmnectr m e n t i a d  in the p r e v i a  section. 

vmiatim in temperature in the cote central region ma - + IWOR ~ n d  in the peripheral region 

i t  w a  + 1 7 9 ~ ~ .  NO statistically siFificcnt variation in tempmature with radius was m ~ < a ~ r ~ d  

Sn t:w core central region. 

in figure 4-19 should be nated. 

T b  qwlitiative results were obdcrvcd in the stotisticol trCotmart of the thermal 

The 2 u mndom element-to-element 

- 

In the tare periphtry, the measured temperature was a function of d k s  according to 

thz multiple rcgraion analysis. T k  ca!culated temperature i s  also a function of radius, 

although the calcdlated fine structure was not picked up by the thermal capsule &to. 

In order to accomplish wcn an ancrlysis m e  meawrcmcnts are required. 

As on independent check on the -3rd tOndOm vuriatims and also as a check on the 

stotisticai ..nthod used for hot chcnnel analysis, a calculation was done to determine the 

random element-to-elenaent temperature variations. This calculation stati,tically combined 

all variations due to perturbations which may occur in adpccnt fuel elements. T k  hot channel 

facton that were used for this analysis were the same mes ~'Zcd for the pre-test hot channel 

analysis except that those perturba:ions which are systematic in their effects ore excluded. 

Exompies of systematic perturtations whic4 

adjacent element are inlet temperature, tempemture sensing. ,mtd drum effects, and 

1 

not affec! cne element with respect to the 

1 WANL-TME-880, Power Capability and Test Profile Analysis for the NRX-A2 Reactor 
August, 1964 
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sune portkms of the nuclear -certainty. Therefore to determine mndom fuel element 

tangcmture voriatim tkse effects ac not inc'rded, The variables cauidcrcd o d  their 

tanpmhrrt e k t s  (30 d u e s )  on +. m iatlc 4-17. The resulting tanQcrc un variatim 

rros arlculatcd by: 

r 3 skndord dcviotion clement of dement variation Ah. 
= 3 ~kondord deviation element teqmutue uncertainties 

ATCH r 3 standard deviation channel temprotwe uncertainties 

Two variations which moy cause element to elam :t tcrrpccoturt variat'm are not 

included in this amlysis, and these are the nuclear hot to cold and control drum effects. 

T k +  two variat'hns were not included b came the net change of power in me element 

with respect to the six surrounding elements i s  newly -1 to zero. 

The 3u voriatiars were converted to 20 vatmtiats simply by multiplying the results by 

in ttte central mgim i t  2/3  id the 20 rrnd~m voriat-m in tk pcrizhtry was - + 179% 

was f 1&R. This is very good agreemmt with the I W O S N ~  20 mrrdam variatiars obtained 

from ttemal capouie data. 

p-- iphcr~ 01cl+ - 109% in the ccrrtm~ regiar. I)UC to tht t h y  tvvmrd cansewatism in 

overestimating the sire ot various perturbotiom it would be expected that the measured 2u 
mndom variations would be smaller than the calcubed wriotiorrr. This is the case in the 

central region. In the periphery, the, !mawred 20 va:iatian is not completely cmdom 
because of the inc lmia of a sfitcmatic error due to the voriatim in fuel loadings in the 

irregular periphery. 

- 
reportad in the p r e v i a  sectim, these were - + 179% in the 

The d i a l  tempmturc profiles in figure 4-19 show the calculated temperatures to be 

consistently Imver thon the measured temperatures but within the 20 error bonds. The 

consistently lower calculated temperatures are probably due to an inimen: systematic e'for 

4 - 69 
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T A W  4-17 

HOT CHANNEL FACTORS CONSIDERED IN ANALYSIS OF ELEMENT TO ELEMENT 
TEMERATURE VARIATION 

Gamma karning h* 

Periphery 

Cenhul 

PAX Exprimenfol E m +  

Per;* 

Centml 

Upper Plenum Flow DistributiuP 

Upper Plenun? Tempsuture Distribution* 

Unclod chonnel diamtter 

Chunnel orienbtion 

Orifice mismotch 

Orifice coefficients 

Orifice leakoge 

Fuel concentration 

Ail iwpedarce 

Fricticm multiplies 

30 
- +3% 
- + 1% 

2213% 

f 1,3896 

f 4.5% 

f 10% 

x 0. Ooos in. 

0.018 in. 

f XOOR 

- +!io% 
- + 100% 

2 4% 

M.OOO2 in. 

- +2% 

*Denotes element effects, all otkn are channel effecis. 

Effect 

30 
122% 

- 

4 1% 

85% 
54% 

56% 

30% 
502% 

k m %  
- + SOOR 
- + 100% 

16PR 

f 170% 

f Ze0R 
- + 26OR 



(or m) as d i s c 4  eariier in this section. These possible systematic emm have no 

bearing on rhe random element to element var iat iw that have k e n  discussed. 

MAXIMUM CALCULATED FUEL TEMPERATURES 

The maximum calculated nominal fuel temperature at Time CR 14085 i s  found at the 

core periphery in fuel element J5J. This element became of its location i s  strongly affectd 

by the cortrol drum position. The ovmrge p e r  in the elmwnt increases by 6.2 percent 

due to a drum angle chonge frun 90 degrees to 103 &gees. Using the pcviorrsly described 

M A P  results for 90 degme controi ;;wm and correcting for the averoge clcrnent power due to d m  

angle effects, the maximum fuel tcmpcmture is 4327%. This tempemtun carries a - + 219R 

tolerance due to c r r o ~  in the meomred input parametem of inlet temperature, flow, and 

nozzle chanber tempemtun as indicated in table 4-9. The maximum meosured temperature 

in the core Wiphery was 4400% using thermal capsule dab. 

A statistical hot-channel analysis for the A2 peri-1 elements wos reported in 

WANL-TME-880. The 30 temperature variation due to all effects except drum angle tffectz 

and orifice mismatch wus 589%. The teqemture sensing, core inlet temperature and data 

acquisition contributed 12.1 percent to this tempmture increase and should be exclukd 

from the past test calculation. The - + 215% uncertainty due tu e m  in measured input 

parameters includes these effects. Removing these uncertainties and converting tu a 20 

tcmpemture iscrease gives - + 34PR for the hot channel considerations shown in table 4-18. 

The toto1 20 temperature increase for a single peripheml channel i s  found by combining ?his 

statistical remperature increase with the increase due to errm in the tneasured input dam 

used in . M A P .  

= f 4 2 W R  

4 -  71 
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H O T  CHANNEL CONSIDERATIONS 

Element Effects 

1. Horizartal Power* 

2. upcler Plenum Flow aistrihrtion 

3, Charge in Chon.lel Diar.leter 

4. k a t  Transfer Coefficients 

5. Upper Plenum lempemture Distribution 

6. Axial Power Dir 'hutian 

7. Support Block k isalignmcnt 

8. Fuel Conducti4y 

9. Enthalpy - Tern ?emtun Conversion 

Chomel Effects 

1. Chrmnel Orientation 

2. Fuel Concentration 

3. Orifice Leakage 

4. Orifice Coefficients 

5. UlcladCknnel Oianeter 

6. Air Impedance Measurement 

7. Friction Factor 

8. Orifice Mismatch** 

*Excluding all drum angle effects 

**Not applicable - as orificed model used 

30 Values 

5 8.8% 

- + 4.5% 
+O.O005 in. 

.+,20% 
- + lrn 
- + 10% 
G.0023 in. man 

- +20% 
- +2% 

0.018 in. 

+ Ao- 

- + iOOoR 
- 

f: 5O0R 

+ 0.0005 in. 

+ O.OOO2 in. 

+2% 

- 
- 
- 
- +mOR 



The maximum 20 fuel bct spot temperature i- tkn, 4527 + 407 = 4734OR in element 1J5J. 

Table 4-19 contains a summary of the results of this section. 

Tie Rod Tempera tures 

Measured tie rod exit gas temperatures are higher than predicted as indicated on 

figure 4-26. In an attempt to resolve the differences between measured and predicted 

values, an uncertainty analysis was performed an the variations in the tie rod centering 

bushing loss coefficient, variations in the heating in the unfueled graphite, variations in 

care iniet temperature, variaiions in the them1 conductivity of the pyrogmphite insulating 

sleeves, variations in the hydrogen gap thickness between the stainless steel liner and the 

pyrogaphite insulating sleeve and vuriatims in thennocouple readout. These variations were 

considered to be the major contributors to the increase in the tie rod ekit gas temperatures. 

The nominal ~ I u e s  used in this analysis appear in table 4-20. 

Tie rod exit gas temperatures frwn four unfueled elements OOO (T-ZO), 4F1A (T-760), 

6 J9Q 0-765) a d  6J8 u-759, were measud.  The thermocouple in the unfueled element 

OOO 0-750) operated intermittently during the test series and indicated questionable kmp- 

emtures and irar been neglected in the data reduction analysis. 

ExFrimenml tie rod centering bushing loss coefficient data indicated that variatiws in 

loss coefficient may result from leakas paths thrcugh the centering bushing due to manuhc- 

turing tolerances. The* leakage paths include leakage flow through the split in the bushing, 

throuqh - the annulus formed by the tie rod and burhip.,. around the edge where the split 

bushing insert fits into the centering bushing, and c - 

inserted in the unfueled graphite bore. For this analysis, the un5ealed condition was 

considered nominal and a 30 deviation of + 50 percent wos assumed. 

. bose 3f the bushing where it is 

- 
Experimental data from thermal conductivity testing of 12 pyrogmphite lnsulating slaves 

s k w d  a one standard deviation of + 30.0 percmt over a range of average temperutures from 

472- to 3193OF. Subsequent testing of samples prior to the NRX-A2 test indicated values 

of thermal conducfivity within the range previously tested. 

- 
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MAXIMUM FUEL TEMPERATURES AT HIGH POWER HOLD CRT 14085 (10% MW) 

Maximum rianinal fuel element temperature 
(calculated stution 45) 4327% 2 215 

Calculated 2u bot spot fwl temperature 4734OR 

Calculated 20 element to elernent temperature wrriation 

Central region 

Peripheml rtgim 

Maximum indicated temperature (thermal capsule) 

Element to element temperature variation bmed on 
thermal caprules 

Central region 

3eripheraI region 

1 55OR 

1 79OR 

44OOOR 

1 WoR 

179OR 
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TABLE 4-20 

NOMINAL UNFUELED ELEMENT TVERMAL - HYDRAULIC DATA, 
EP IV TEST CONDITIONS (14085 CRT) 

A. Centering Bushing Inlet Loss Coefficient 

Unsealed - 83 (Based on Chonnel Flow Area) 
Sealed - 131 (Based on Channtl Flow Area) 

8. Pyro Gmphite Insulating Sleeve Thermal Conductivity 
(Perpendicular to Basal Plane) (Pamllei to Bosal Plane) 

Btu/hr-ft-OF 
5W°F - 0.33 
1500°F - 0.27 
2m°F - 0.22 

8tu,'l~-ft-~F 
2 18 
130 
75 

C. Heoting In Unfueled Graphite 
3 Core Stat ion (Btu/sec-in ) 

0.0 in. 0.6457 
9.0 in. 1.865 

18.0 in. 2.43M 
27.0 in. 2.5831 
36.0 in. 2.132! 
45.0 in. 1.2506 
54.0 in. 0.3003 

D. Boundary Temperature on Outer Surface of bt. 'ueled Graphite 

Cc-2 Stat ion OR 

0.0 in. 385 
9.9 in. 1468 

18.0 in. 2357 
27.0 in. 3239 
36.0 in. 388 1 
45.0 in. 4171 
54.0 in. 4072 

E. Hydrogen Gap Between Stainless Steel Liner and ID of Pyrographite Insulating Sleeve 

Nominal Gap Cold - 0.0065 in. 
Minimun Gap Hot - 0.007@ in. 

0.0080 in. 
Moximbm Gap Hot - 0.0090 in. 

Nominal Gap Hot - 

- .  A&..--- 
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The nominal hydrogen gap for full power operating conditions i s  0.00s inch. The 

maximum deviation in the hydrogen gap for these conditions i s  - + 0.001 inch. This volue 

was assigned a 30 limit. 

The data system error applied to the core inlet plenum and tie rod exit gas thermocouples 

was factared into the analysis. The data system m a r  ftx 35 percent confidence (20) was 

estimated to be - + 2.4 percent of the full scale set 'JP range. For exornple, the tie rod exit 

gas temperature set .~p range for EP IV i s  137 - 1990°R. This results in a 20 error of + 45OR 

in the thennocouple redout. The core inlet temperature set up nnge for EP IV i s  35 - 668% 

which results in a 2u error of + 15'R. 

- 

- 
Table 4-21 tabulates the uncertointks, deviatic IS, and 30 temperahre increases used 

for the uncertainty oralysis. The temperature variations were combined statistically to 

determine the 30 maximum tie rod exit gas temperature for full power cod flow EP IV test 

conditions. The temperature variance i s  the sqwre of the difference of the deviated 

temperature minus the sume temperature under nominal conditions. These tenperature 

variances were then summed for al l  considera devkitionr. Since al l  deviations considered 

were ;opt  on a 30 confidence level, the square root of the toid variance i s  the 30 maximum 

temperature. At the bottom of table 4-21 i s  a summary of the measured, calculated, and 

30 maximum tie rod exit gas temperatures for the EP IV full power hold. 

Tabie 4-21 indicates that the 30 moximum ternperaturor for T-76C and T-765 o-e below 

the measured values. The 30 maximum temperature in T-755 is  above the mecsured vats. 

The la:* tempeature differences betwean tire measured exit gas temperatures T-765 and 

1-755 were not expected due to the proximity of ecch unfueLd element to the core peripncrj. 

A temperature difference of 32' was calcuiated betw!m~ thermocouples T-760 and T-765 

which resulted iq  good agreement with the measured value, 40°R. 

Based on a review of EP IV test data, there i s  reason to believe that the therrnoco~&x 

l a a t d  at the exit end of the tie rod element are not sensing the correct exit gas temperature. 

This could ba substantiated by the fact t k t  the 30 maximum temperatures for T-760 and 

T-765 are lower thar! the mcasured valu.-r. The exact position of the thermocouples cannot 

be verified. Figur- 4-37 indicates that the exit gas thermocoupies are attached !e the 
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TABLE 4-31 

TIE ROD EXIT GAS TEMPERATURE UNCERTAINTY ANALYSIS 
EP IY FULL POWER HOLD 

UNCERTAINTY 

Pyro Sleeve Conductivity 

T-760 
T-765 
T-755 

Unfueied Graphite Heating 

T-760 
T-765 
T-755 

Inlet Loss Coefiicient 

T-760 
T-705 
T-755 

Core Inlet Tempwature 

T-76(! 
T-765 
T-755 

Hydrogen Gap Belween i i ? . ? ~  and 
!'ytO 

T -760 
T-765 
T-755 

T M W -  le Readout 

I 

1-765 
T-755 

DEVIATION 30 TEMPERATURE ',N!',k&lSE 

l o  = f30% 
126 
117 
11; 

20 = f30% 
59 
41 
41 

30 = i50% 
56 
50 
59 

20 = 2 15'R 

38 
35 
36 

20 = fO.OG1 in. 
16 
16 
16 

20 = r45OR 

68 
68 
68 

SUMMARY 

Calculated - R 0 0 Measured - OR 30 Temp. ha:- - R 30 Max.Temp. - OR 

T -760 733 
T -765 693 
T.;jj 597 

508 169 
476 i5-E 
47 1 154 
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id& end of the liner tubes. A p0rt-m cf -h thermocorrplc ex- o nominal distrrrcc 

of 0.38 ii.zhcr beymd the nozzle end of thc tub. T k  naninol c l a a o m ~  bttween th, 

end of tht thcrm#ouplc ad thc forword s-& of the cuppart-cme - tie rod hmon intcrfacc 

i s  0.13 inch. A slight shift in tht thtrmocoqlc -Id -It in contact with tht dy- 
bdcnum c- support which isoputmg200- 300% honer t)m tht fluid. It h o s b  

shown f a  EP v test cmditiars wht r t  a maxirnunr tie rod =:it gms tanpaom of I&R 

was m d ,  that intdemue resulted, caa'.rg thc thmmmqda extem'km to buckle. 

Since mtmint is povidtd for the I'm ad !her hrbt at the &me end of the c h t ,  

t k e  canparents will expmd into t k  0.13 inch c-. b e  to the method of rratmhr, 

the final axial utpomlcm whkh could cane rbmocqde daAogr is the d i h c e  b c w  

thc m s i m  of tht tubc 4 UCQanriar of ths d- 
p)?otogoph of a typical domogcd thmmco+- 

Figuc 4-28 b Q mt-apmth 

REF LECTOR 

In this section the shield, reflectur 4 lateral suppa? system thanral ad W l i c  

test results at stecdy stote conditions 

The prtest predicted values of refkctor system 

a mingfui comQarirorr fa several reasons; a) opemting ditiaa were not as planned; 

b) nozzle tube ka t  pickup was higher than calculotui, t-, reflector inlet corrdit'kns 

were cuuidembly different from t k  given by the pretest solculotions; c) the support ring 

temperatures were lower thon hod been expected, These sqqmrt ring temperatures &t 

the gop size of the inner-autcr ntflectur annulus wder pawer operating cadition, This 

gop rite in turn hQs a maior influence an the .rflector system avmrll prcaure 6oQ and flw 

di stribtion. 

m t e d  md Carg0;ad to o~lculalbd values. 
1 and pcowras did not give 

In d e r  to obiah a useful evaluation of the analytical model used for the refiectw 

system -lysis and i fw ccllculotion methods, post test calculations of nflcctw system 

temperatures and presr-es were performcd and compond to test vclues. Results of these 

canprisms are given in this section. !n particular, c o m p o r i ~  of caolmt tempcmtunr 

'WANL-TME-887, - NRX-A2 Test Prediction Report 
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and pressurn and material terrpcmhnts at the highest power hold at Time CR 14085 seca.ds 

(10% MW thermal power) are presented in more detail. For these colcubtims at the s t e a l y  

s t o h  hold the meoMcd reoctrlr flow rates given in table 4-5 and the mcorud reflector 

inlet temperatures ad prawns were d. BoKd on the test mea~uhmats of the reflector 

-.re distribution ad temperatures ot full power, the inner-auter reflector amulus was 

malcuiatd by R c o ~ t r w  k h a n h d  hip to bt 0.092 inch OS C# to tk pretest 

value of C. 108 inch. This moiler 9op onnuIra clearance was d in the reflector system 

anulytical d l  for the post test calculations. In oddition, some minor charga in flw 

inpcdances of ~ v c r o l  flm c h l s  in tht rtflecta system were incorporated into the 

rcflectur a#lytical d i .  These chayes m i  additi-l canponcnt tert 

dinfa became available ard t k e  were some brdwme charges since the pciest calculctiims 

were perfcnmed. Table 4-22 shmr the reflector system awrlytical model flaw chaocteristia. 

In odditim to tht comporirmr d fluid tcmpmturer crd preswes the reflector 

system k a t  pickup WCIS calculated from expximcntai data ad is nmmarited in this section, 

and the laieml suppat system performance is caqmred tt calculated pdmnoncc. 

REFLECTOR SYSTEM COOLANT TEMPERATURES AND PRESSURES AT THE HIGHEST 
POWER HOLD, TIME CR 14085 

The parallel %wt path in the reflectrr system is  shown in figure 4-29 and 4-30. 

Included in t k  figures are the mcQMcd ard c ~ l c u l ~ t d  fluid -tUrcr ard pmnmr 

at the highcrt power hogd, Time CR 14065. The reflector inlet plenum tempemtuft of 

ISOR i s  the ovemge of 7 thermocouple measurem~nts. ~ t e  reflector exit plenum tcm~emture 

of 233% i s  t!w ovemge of 5 thcnnocouplc mcasutgmcnts. The inlet and outlet plenum 

pressures are each QI avemge of 2 pmsure measurements. The mcaured temperature of the 

coolart exiting from the individual maior reflector coolant posrogc i s  a single thennocouple 

r d i n g  at a specific !ocation in the outlet plenum. Therefore, these tempemtures should 

be considered only as :epresentotive of spi.cific channels exit tempemtutu md do not 

represent the average which m y  be expected fran all similar chonnels. 
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The post test calculation at the highert power b i d  was performed by using the computer 

code MCAP-TOSS. ' The calculation used the test reflector iniet temperatwe of 1%%, 

inlet pressure of 752 psi0 and flow rate of 75.6 Ib/sec. The other parameter specified 

in the calculation was the total power pickup of the reflector system which was cktennined 

by energy bolcmce between reflector inlet and the fint shield exit (shield dome end plenum). 

The power shapes for the various materials are thc ones reporttd in the Reactor Analysis 

Data Book (WANL-TME-840) in the Radiation and Shielding Section for NRX-A2. The 

total power pickup in the reflector system wil l  be d i s c 4  in the next section. 

Figure 4-29 shows the major flow possuges in the a u k  ad inner reflectors. The fluid 

temperatures and pressures at the exit plenum, pressure vessel armu!us, sector cooling holes 

and control drum cooling pasages agree -ably well. In the inner reflector cooling 

pozsage, the exit fluid temperature thennocouple was lccated between two open holes 

which in turn were between two plugged hole 

indicated only the local ccolant tempemtwe. Fifteen of the 144 inner reflector cooling 

holes were plugged in the NRX-A2 reactor for pressure m e m e n k  of the seol chamber 

pressure. In the post-test calculatim the inner reflector analytical heat conduction mcxkl 

includes some plugged and some open holes. These holes are arranged in the same relative 

positions as in the NRX-A2 so that the effect of the plugged holes on the coolant exit 

temperature in the vicinity of the plugged holes can be studied. The calculated coolant 

exit temperature i s  320°R as compared to the measured value of m. Thls shows that the 

plugged hole doer increase the coolant temperature at the holes nmr the plugged ones. 

The calculated nominal inner reflector coolant exit temperature i s  290 R as shown in 

the figure. 

shown in figure 4-31. The measurement 

0 

Figure 4-30 shows the radd temperatures and pressures at the shield and core support 

plate region of the coolant flow. Using the calculated reflector outlet plenum pressure 

of 713 p ia,  the pressure drop through the first pass of the shield was calculated to be 8.0 

psi, giving a dome plenum pressure of 705 psia. This compares with the measured value of 

'WANL-TME-967 A Program for Steady State Fluid Flow and Heat Conduction Coupled 
Calculatioiis of Heat Generating Solids Cooled by Parallel Channels - Using MCAP and 
TOSS Cedes - A, Y. Lee, Oct., 1964 -- =-m m - - - ---- - - -  - 
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707 pia. The  pressure drop acrosf the second pou of the shield and the screen was 

calculated to be 7 psi and the pmurre drop across the support plate was calculated to be 

about 0.5 pi. These give a salculated sore inlet pmwre of 698 pria to the nearest psi. 

This compares with the measured value of 701 pia. Table 4-23 summarizes the pnrrures 

and pressure drops throughout the component system. 

The comparisons of the calculah=d and measured shield and core support plate material 

temperatures ore also s h o r n  in the figure. The calculated dome end shield material 

temperature of 223% was based m tht dome plenum temperature of 216OR, this confirms 

the dome plenum fluid temperature reasonably well. Using th is  dune plenum temperature 

at 216OR tmd the internal heat generotion rates of the shield and the support plate as shown 

in the figure, the calculated core inlet temperature i s  225OR as compared to the measured 

va!* of 245OR. From the comparirar of the support plate calculated ond measured tempemturn, 

i t  i s  believed thct t k  calculated core inlet temperature of 225OR is cansirtent with the measured 

support plate temperatme. 

REFLECTOR Sr-STEM POWER COMPARISON AT VARIOUC POWER HOLDS 

Table 4-24 shows a summary of the power picked up in the reflector system calculated 

from the hydrogen flow rate and the temperature rise across the reflector and first pass of 

the shield. The power picked up in the reflector system arrived by this method averaged 

over the four power holds, was 2.15 percent of the total reactor thermal power. Also tabul~ted 

on this table i s  the power which would have been calculated under test flow conditions 

and inlet temperature using the nuclear heating rates reported in Reactor Analysis Data 

Book under Radiation and Shielding Section for NRX-A2. (WANL-TME-840). Using the 

calculated reflected heating rates shows the reflector system absorbs 1.76 percent of the 

total reactor power at full power conditions. Comparison of these two powers, one 

reflecting calculated conditions, one reflecting test conditions, i t  appears that the heating 

rates as tested are about 15 percent higher than expected from calculation for the high power 

t..sid, and about 22 percent if the average of the four power holds i s  considered. 

4 - 88 
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TABLE 4-23 

COMPARISON OF EXPERIMENTAL AND CALCULATED PRESSURES 
AND DIFFERENTIAL PRESSURES IN THE REFLECTOR SYSTEM 

Reflector and Shield System at CRT 14085 

P (Reflector inlet)* 

P (Reflector Exit) 

P (Dome End Shield) 

P (Care Inlet) 

P (PV Annulus-Come End) 

AP (Outer Reflector) 

AP (Inner Reflector) 

AP (Shield) 

Measured 

752 Psia 

71 1.3 Psia 

707 Psia 

701 Psia 

748 Psia 

40.7 psi 

38 Psi 

Calculated 

752 Ria 

713 Ria 

705 Psia 

698 Psia 

7% Psia 

39 Psi 

35 Psi 

‘ 5  Psi 

*For post calculation of reflector and shield fluid systems, the measured values of the 
conditions at the reflector inlet were used. 
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TAKE 4-24 

CALCULATED REFLECTOR HEATING RATES FROM AH AND FLOW 
RATE AND COMPARISON TO NUCLEAR HEATING RATES 

Reactor Power 

Power of Reflector System plus 
first pass of shield from test 
(Calculated by energy halance 
between reflector inlet and first 
pass shield exit). 

Estimated power deposited in 
first pass shield 

Pwer of reflector system from test 

Power of reflector system 
using calculated heating 
rates (Ref: TME-840) 
(1.76 x Reactor Power) 

EP IV POWER HOLD 
CONTROL ROOM TIME 

13790 13900 13985 14085 Avenge 
574 94 1 1038 10% -- 

13.6 22.0 20.9 22.7 

0.3 0.5 0.5 0.5 -- 
13.3 21.5 20.4 22.2 -- 

19.3 -- 

Reflector system power (test)/reactor power 

Reflector system power (caI)/reactor power 

2.32% 

1.76% 

Reflector system power (test)/reflector 1.32 
system power (cal) 

2.29% I.?7% 2.03% 2.15% 

1.76% 1.76% 1.76% 1.76% 

1.30 1.12 1.15 1.22 



REFLECTOR iNLET AND OUTLET PLENUM TEMPERA URE AZlMUl 
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i MEASUREMENTS 

Figure 4-32 and 4-33 show the average azimuth themacouple measurements at the 

reflector inlet and outlet plenums at the various powerholds. The maximum variution in 

a reading i s  + 6'R. From the figures, i t i s  seen that there was no detectable azimuth 

variation in the coolant temperature in the reflector inlet and outlet plenum during these 

four power holds. However, there was asymmetry during chilldown and the early stage of 

startup. These are discussed in the startup and the shutdown section of the repert. 

- 

MATERIAL TEMPERATURES 

The measured outer reflector sector material temperatures at the locations of the 

thermocouples at the 4 power holds are shown in figure 4-34. The calculated material 

temperature at the vicinity of the thermocwple locations at the highest power hold, 

Time CR 14085, is  also plotted in the figure for comparison. The axial shape of these 

curves are as expected. The maximum temperature level occurred around the central 

portion of the reactor where the internal b a t  generation i s  maximum. The experimental 

curve peds nearer the center of the core than the calculated curve. Maximum deviation 

of the calculatt. value from test value at Time CR 14085 i s  about 50'R. The measured 

temperatures shown in the figure for the various power holds do not represent the average 

reflector sector material tempera..,;%. The thermocouples were located in the region where 

the maximum material temperatures might occur. The maximum calculated sector Temperature 

at Time CR la85 i s  310°R at core station 20 inches, and at approximately R = 21.8 inches 

and one inch from the radial edge of the sector. At Time CR 14085 the calculated maximum 

sector average temperature i s  265OR and the maximum sector avertge to inner web temperature 

difference i s  5O0R. 

Figure 4-35 shows the sector material temperatures ut core station 8, Zil, and 32 
plotted as a function of azimuth position. This curve is  typical of the steady state operation 

observed at the other lower power holds. There appears to be li;tle, i f  any azimuth 

variation apparent in the sector temperatures. The 2 u error range of thc individual 

thermocouple readings i s  - + 18 R and the range of the average values i s  - + 12'R. 0 



-I 

I 
I 

I 1 I I 1 

8 
h 

\ 
2 
c 
I 
U 

L C  

+' le -  * II 

- m  
e- act * I 

I k I 

CIE 1 

ZLE 1 
OLE 1 

8OC 1 

LOC 1 

8 
c) 

H 

8 

L 
IFIGURE' 



I I 
t I 

I I 
I I 

I I 
' I  

I 
I 
I 
I I 
I I 

8 '  c 1 I  

I 

I 
I 
I 
I 
I 
I 
I 
I 

a 

I I, 
Y I :  

I I' 
I I t  

I 
I I 
I I 
I I I 

I I 
8 
I 

A 
V ' 

# A 
Y 4 

I aE 
I 

I 
I 

I 
- L .  

I '  
A 
V 

a v i  
I '  I EZE 1 
i I : I - 

I 
I 

i I 

I I I 
I I I 
I I I I 
I 8 I 

I 
I I I 9 I 

1 I 

I ,  
I 

0 : m: - . 4 B 
M E 1  

4 

I e I I F I 
i 

I 
I 

1 
I 

I I  L I  i a  I 1 I I 
3 
c 

8 
c 

8 hl s 43 (Y E c 

uo - 3unlW3dWu 

8 
c 

8 

0 



pc 
0 

I 

W a 
3 c 
Q: 
cy 
Q 

W 
t 

a 

z 

360 

320 

280 

240 

m 

16@ 

120 

CORE STATION - INCHES 

I CL'TER REFLECTOR S E C T O R  rMTERIAL TEMPERATURE VS. 1 CUR*'€ 10. ]FIGURE NG. 
AXIAL POSITIDN I 1 4 - 3 4  I 

1 



I I I i 1 

- 
I I  

@ I  
I I  
I I  

. 
a p I  

* 
I 
I 
I 

I 
I 
I 
I 
I 
I 

3' 
E& 

I 

8 

3 

c3 

3 

w 

5)  
c 

8 

51 

0 

t 

H 
W 
W 

5 
W 

I 

5 r 
N 
4 

R 
c) 

3 
c 

R 
c 

4 - 95 IFIGURE io. 



WANL-TE IR-199 

* i g ~ r e  4-36 shows the m d  contnl dn#n and control vcme ttmperoturer at the 

hi&cst power hold Time CR 14085. Included in this figure are the cakulated l a d  

nodm tempraturn at the vicbity of th thcrmocouplcr. The calculoted values a p t  

v w y  well wit): the mcao~rcd valuzs. fht v t u r c  difference au00 tk cartrol dnrm 
at ftt -im 8 with the dmm opmting at an avemge temperuture slightly above 226OR was 

meas red to be 42%, the comparable value was calculated to be 3 f R .  
'Fable 4-25 tabulates thc meosurcd control 6 u m  and control vane tempemtunr at the 

f a n  power hotQ and the calculated values at the highest p e r  hold. 

?ne t xper imto l  temperatures of the inner reflector matmrkl at the thrtc holds, 

Tim! CR 13790, lAW, and 14085, are shown in figurn 4-37. A sketch of the inner 

rr flectjc and the themlocovpie locatians is shown in figure 4-31. The thennocouples T 413, 

T40;7. T 415m-e located between twoopar and p l d  holcrwhercorT401 cnd T 403- 
ne ar one plugged hie. Vf ith the effect of the plugged holes tukm into considemtion in 

th : pust-test onalysk the calculated nmterial temperature at thc vicinity of the thermocouples 
at the hFghest *..et hold, Time 14085, are shown in the figwcs. The upper curve in 

figure 4-37 i s  the calculated tempemture at thc location between two plugged holes and the 
Iwer ruNe near one plugged hole. It i s  seen in figure 4-31 that the maximum deviation 

between the calculated and measured values i s  80%. At core station 32 and at the fame 

radial location, but away f r m  any plugged hole, the average material temperature wos 

calculateti to I I\. 'R lower than the tbmpemture meawnxi between two plugged holes. 

Figure -* k, s b w s  the time trace of the inner reflector material temperature as 

mearurei ay the thermocouple T 413. 

to ri during the power holds. A similar result was also observed in KIWI ME tests. This 

It i s  seen that the material temperature continued 

perat Jre increase i q  believed to be c a d  by a decrease! in material thermal conductivity 

dtre to inadiation admage. The values of thermal conductivity used in these calculations 

are those cr. unirmdiated graphite, not impregnated H4LM. Experimental data on thermal 

condoc,ivity, ore not available at this time. Preliminary investigation shows that a 

7 percent decrease (liceor) in the inwer reflectc; material thermal conduc:ivity over the 
same period of time JS the third power hold (110 seconds) would result in 

4 - 96 



URE VESSEL SIDE 

..--- - - . 
)--. -.i- 

*. t. t- 

0 10 20 30 40 50 60 

CWE NO. FIGURE & CONTROL DRUM AND BORAL VANE 
TEMPEWTURES FOR NRX-A2 EP IV 4 - 3 6  



Drum 
No. 

2 
2 

10 
1G 

Drum 
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TAME 4-25 

NRX-A2 EP IV 

CONTROL DRUM AND CONTROL VANE TEMPERATURES 

CONTROL DRUM TEMPERATURES 

WAN L-T N R- 1 99 

Station Temperatures at Specified Control Room Time 
13790 13900 13985 14085 Calculated 

High Poww 

8.0 120 159 1 78 188 213 
8.0 151 206 223 235 240 

32.0 103 150 168 173 178 
32.0 INOPERATIVE 

CONTROL VANE TEMPERATURES 

Station Temperatures at Specified Control Room l i m e  
13790 13900 13985 14085 carcu la ted 

High Power 

8 
32 

240 315 320 338 356 
230 282 305 315 380 
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an increase in the material temperature with similar slope as shown by the tmce of 1 415. 

The dosh-line in figure indicates the calcdated inner reflector average temperature at 

care s t a t i m  32 considering the 7 percent decrease in thermal conductivity during the 
110 seconds due to irradiation effect. 

- --- _ _ _ _  _--- +_ __-  - - - - -_--- -- c --- -- - ~ 

. _____.-- - ---- 
Table 4-26 tabulated &--&&wed vJpport rings, shield, reflector tie bolt, and 

suppart plate temperatures at the four power holds. The comparison of the shield and 

support plate material temperatures with calculated values hove been previously discussed. 

LATERAL SUPPORT SYSTtb.. 

The lateral support system fluid flow path, fluid temperature and pressure and material 

femperotures during the high power hold, Time CR 14085, are shown in figure 4-39 and 
4-40. In figure 4-39 Curve A i s  the predicted filler str ip temperature at the filler strip-pyro- 

t i le interfoce at points between =Is at full power and Curve 5 i s  the predicted filler strip 

temperature at the filler strip-pyro-tile interface at points on seals at full power.3  he 

axial average filler strip tempemture along this interface i s  between these two curves. The 

thermal capsule measurements at the 3 filler strip pyro-tile interface locations are shown on 

the figure for comparirar. At core station 19.2 inches (on seal) the thermal capsule 

indicated a temperature of 2450°R as compared to the predicted value of 230O0R. At the 

other two core stations the thermal capsules fused, indicating a temperature of the material 

above 2678OR which was the highest melting tempemhre of the capsule wires installed in 

the NRX-A2 fi l ler strips. The coolant temperature in the seal system was measured by 

thermocouples at locations between seals. A typical thermocouple installation i s  shown at 

D and the detail of the installation i s  also shown in the figure. The measured fluid temperature 

i s  much lower than the predicted temperature (Curve C). If one compares the fluid temperature 

measurements with the predicted inner reflector material temperature at the surface of the 

seal  chamber between seals (Curve E), i t  i s  evident that the thermocouples were measuring 

much closer to the inner reflector wall temperature than to the fluid bulk remperature. 

%VANL-TME-840, Reactor Analysis Data Book 
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TABLE 4-26 

MISCELLANEOUS COMPONENT TEMPERATURES 

Station Radius Theta CONTROL ROOM TIME 
13790 13900 135'85 14085 

SUPPORT RINGS 
20 Error f 15'R 1374 52.3 23.1 190 

1382 -0.3 23.2 190 

SHIELD MATERIAL 
20 Error ,+ 15OR 1523 -25.9 8.1 163 

1525 -19.9 11.6 163 

OUTER REFLECTOR BOLTS 
20 Error 2 15OR 1370 20.0 23.7 134 

1372 32.0 23.7 284 

SUPPORT PLATE 
20 Error f 15OR T772 -7.5 10.2 165 
2u Error 23OR T773 -1.5 10.1 169 

117 
154 

164 
205 

154 
162 

188 
210 

1 47 159 
198 212 

209 226 
267 289 

198 2 15 
208 219 

235 250 -- 290 

166 
217 

233 
301 

223 
230 

260 
305 
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Reviewing the thermocouple installation, th' i s  entirely passib'e. The thermocouple i s  

recessed back into the inner reflector and could be reasonably expected to measure the 

boundary temperature of the flow in that chamber. This type of installation H JS necessary 

to prevent damage to the filler strips, i f  the core should bottom out on the inner reflector 

either during shipping or during operation. The thermal growth of the core and the 

uncertainty in the relcL;ve inward movement of the inner reflector made it inadvisable to 

place a thermo ,wple inside the envelope of the ID of the inner reflector. An analysis of the 

effect of increased lateral supwrt flow on the chamber temperatures i s  in progress. 17 

addition a &tailed analysis to determine the temperature the recessed thermocouples would 

indicate i s  planned. These results wi l l  be published. 
2 

Figure 4-40 shows the compariso;i of the measured and the predicted normalized 

pressure distribution in the seal chamber at the high power hold, Time CR 14085. The 

r e a m  for comparing the normalized values i s  that the prediction did not have the same 

Inlet and exit ?rasure as in the test. From this figure i t  i s  seen that the predicted preswre 

distribution shape agrees very well with the measured one. The normalized pressure dirtri- 

butions measured during the o:her three steady state hold periods also agree well wi th 

calculated values shown for the high power hold at Time CR 1-5 in figure 4-40. 

NOZZLE 

Information on nozzle geometry and heat transfer caefficients which were based on +e 

results of Aerojet chemical firing tests, were furnished by AGC in July of 1964. This 

information which i s  given in the appendix was used in conjunction with the TNi' ;ode to 

calculate nozzle operating characteristics prior to the NRX-A2 test . It was necessary to 

repeat the T N T  calculation after the test in order to obtain results comporoble to octucil 

test conditions rather than planned conditims. More details of the rerun TNT are $ven 

in the following subsection. Nozzle tube conditions at the $our steady state times from the 

TNT calculation are compared to the test values is table 4-27. 

1 

- 
1 

WANL-TME-88?, NRX-A2 Test Prediction Report 

%ANl-TNR-199, Supplement 1, to be published 
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Nozzle bhe inlet pressure and differential pressure ogee rcQsonob ly weii k9-1 

calculated values. Nozzle tube exit tcmpcmtures ard enthalpy incnoK did cot agree 

with thc calculated wlues, tht actual nozzle heat pickup being &out 30 percent m e  

t h  colculatd. TheK nouk k t  tvu~sfer -* results -'e quite useful ad wil l  lead 

to improved heat trarsfrr Comlatiarr far *se in the TNT U-tube nozzle d l .  T k  

ability to propr ly  =alculate nozzle coolant W i n g  is of importm# kouse af itr 

ch=t  m dowr~~trwrm Puid carditiora. T k  cae inlet tcmpcmhrrr higher thon calculated 

wus partially &e to thc hi* than expected hcat pickup in the nozzle d partially due 

to reflector hcJtmg rctes hi+ r t u ~  predicted (alhugh within the aaigd occumcy). 

Nortie chanber t d p i c r  indicated which WCFC hded 

d c g c o R Q I C  ire less tixm tk atml mixed meal norrk chamba tcmprotures &r'q 

EP IV high power operotian. TheK low tanprcrtures )mr been primarily attrihried to 

~m tcmpruture czt the thmnacouple location iomr thm tk average nozzle chombrr 

tmpemture, The nozzle chanber hmocoup la extend cpproximateiy 1.3 inches frrm 

the nozzle rAes into the gos sw ot a locoti= twmximately 15 incites dowrrrtream of 

the core, The 90 at the thmnocouple locot'm could be at a redvccd tempmbm fa 
two reaso~d, I) Iawer -tule 

mix with the ctxe flow, ard 2) htat would be tnn~fcmd to the 15 k h  I=+ of nozzle 

wa!I which the periphmal flow fdlam, Calculations hovt bctr\ pwfamed which &OW 

shot these effects olra thermal rodiatian from thc thennacouplc to the nozzle cauld occant 

exiting from the lateml nrpprt sys&m wadd 

for tht ckpmsed tenlp=ta#ruobstrved. 

FEDBACK REACTIVITY 

Feedbock reactivity resulting from the presence of coolont d temperature 

wriatim in the reactof system har been caicuiated by the methods devclopcd in WANL- 

TME-936 d summorizcd m appendix A. iaMe 4-28 rhom a canpaism of M d 

calculated control drum bmk p i t i -  at the farr s k d y  stotc canprison points during 

EF IV. 
these four times. 

The bbie also includes a l is t ing of +he n u c l d y  sigrificartly pammctcrr at 
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The data presented i s  the result of -t-test TNT aIcr;latiars (See t t ~  startup section 

tk-=i follows) for the actual test profile ond m t s  a mcosure of the entire pndicti. I 

crccumcy - both nuclear and thermal. Efforts am continuing to stpomte these two effects 

by omlysir of Jato h o t  i s  considcrcd to bt tk k r t  -ti- of tk true h-1 d 

fluid flow conditions. 

IMPLICATIONS Of DlFXQ€NCES m E E N  MEASURED AND CALCULATED DRUM 
BANK POSITION 

&fin  a canporiwn can he made ktwtar thc measured and calculated drum bonk 

positions UIC ditiancl efFect must be taken into account. This effect is the cornxian 

h t  was meorund by the pre- ad post test criticality checks to & worth 2.6 degrees 

of bark rototicm. It t u s  been o&ed to h e  predicted &um bark position during the entire 

profile by assuming that it i s  propatiavll to the time integml of power. The resultant 

corrected drum h k  p i t i o n  shown in figwe 4-41 indicotcr that at end of lift (4th hold, 

T i e  CR 1$085) the error is  1.3 dtgtcz, only 10 6 in reactivity. This i s  well within the 
quoted 20 mcertoiniy bard of - + w. Conprriron of the mcowrcd ond calculated drum 

position at d i m  times during the test i n d i m  the prcrmcc of a tire dtpardc?t, 

oppximatcly linear CCFOT which may bc opociatd with the diffused hydrogar effect 

d ' k d  in tht s t i on  on Ga~arr H- let undw EPl6 of Chapttr 3. 

vndcrstmd this discrepancy arc c.minuing. 

Efforts to 

REACTOR POWER 

Reactor power was continuously mcmrnd by neutronic tcnk detectors and inkgated 

power Over selecrd time intervals was mcarwcd by rabbits. Thcre detectom were described 

in a previous =tion. Analysis of this data is m t e d  in this section, 

Gnwtion Fators 

There are t h e  possible correction fatar which auld bc -lied to the mutronicr 

and robbit calibration to a v e r t  the data to instmtancous tbzrrml pamr. ThcK are: 
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1) A correction f# fission product buildup 

2) A correction for chmges in I d a g e  flux per watt with power 

3) A correction for operating drurn angle. 

The first corrrction ccm be obtoined by nmning a code such o the WAN1 SJ code 

f a  the atwl fission p f i l c  to obtain the Mev/fission of ktor and gammar as a function 

of time through the run, d i n g  th is  to the prompt (instmtmeorn) eneqy absorption mte, 

ad then mtioing this toto1 ma, absorbed to the 190 Mev/fision previously o w m d  

for the cu.ibmtion. Correction foctws at selected times k i n g  the EP IVA and EP V runs 

are given in tubla 4-29 ad 4-30. 

M e V  

The second correction, a c a m t i o n  for changer in leakage flux per watt with changes 

in Pff# flow mte, and external detector positicm bas also been cars ided for correcting 

EP IVA data. In order to estimate the effects of temperature and flow mte on the chon- 

i . radial ad axial leakage p r  watt of tt.-rmol power, two dimensi0rrC;rl tmnsport 

calculations w e  nm by using cn 8 garp  (3 fast ond 5 thtrmal) TDC codc mockup of 

the hot, full flow and cold, no 9ow dit iarr .  Eosed on these calcu!otiars, thc axial 

leakage fluxes were calculoted o a k t i o n  of position on the exttmal d i a l  and axial 

rurfoces. Araming that the radiatiar is emitted, isotropically at the &e of the react#, 

the change in flux at the d i a l  or d o l  point would bc proportional to the area weighted 

intcgol of the d i a l  or axial leokcge c~nmts, respectively. It wos furthtr aDIvmcd that 

the detecta respmrc both of tht axially locotcd d i t  md the mdially located nwtnnics 

t m k ,  was PopOrtiaKIl to fast neuhxms of energies gn<rtcr t)*n 0.82 MEV. boscd on t b e  

orsumptiars the dccrcosc in radial ladcage WQS 7.7 percat d in axial le~w 5.8 perrent. 

Neither of these m p t i a n s  is strictly comet. For ucanple, thc difference in d i a l  

leakage at the core midplolc when the Icakoge woufd k mom importmt if the mdiotion 

were poked tn a dimt ion perpendkular to thc rco~tor h e  i s  4 w e n t  mther than 
7.7 percent. The chongc in lemkoge ~ v c r  the nozzle d surface wries from 1 -ant at 

the centdine to 7 percent at the outer reflector surface QS CompQtOd with 5.8 F m t  for 

the Bsumcd isotropic mission. The axial I d -  would be furthcr reduced by tk fact 

that the sulfur mbbit sees neutrms of energy > 2. Y Mev. mthcr thar 0.82 Mev d the 

4 -  ?ll 
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TABLE 4-29 

CORRECTION FACTORS FOR EP IVA FOR BUILDUP OF DECAY 
GAMMAS AND BETAS 

Control Room Time 

13790 

13900 

13985 

14085 

Comction Factor 

1.000 

1.004 

1,007 

1.m 

TABLE 4-30 

CORRECTION FACTORS FOR EP V FOR BUILDUP OF DECAY 
GAMMAS AND BETAS 

Control Room Time 
(seconds) 

18609 

187s 

l b r n  

1 9400 

19600 

4 -  112 

Correction Factor 

1000 

1,003 

1.001 

1.014 

1.011 
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higher the neutron mergy, the less sensitive the correction i s  to the cold to hot voriatims. 

The d i o l  I d a g e  comctiai is further complicated by the lack of a detector to cmpenoote 

for gomma nays at high power levels. That is, the detector naQ current induced by both 

ganma ionization and ne- abrption, but due to its constructim, it subtmcts out the 

 amm ma contribution unless the absolute gamma levels are too high. However, beyard a 

certain ganwna level the c h k  fails to subtmct art al l  of the gomma ionizatim d 

hence, the detector reads high. k y o d  this point, the lock of compeisation imrcotcs 

ond the d i v e r w e  beiween the detect# rrspocrsc d the iaakage mte should increase. 

This emx hos been estimated to k o much as 20 pcrccnt in the high power mngc (1). 

This error, however, must be at least partially o f k t  by the W in d i a l  lcokqe 

with increase in power previouriy mentioned since the c o n p a r d  ion chanbcr follom 

tk robbit determination foidy closely. 

lotion of the lack of  ammo V t i m  by the relatively law decrco~ in lcom in 

the dial dimt'm, it o~eam thot the lincar c h l  No. 2 data foilom the nozzle 

rabbit data fairly closely. 

(table 4-31). Thm, d e  to the fortuitous cancel- 

A b  shorn in toble 4-31 i s  a cornpaism of linear charnel No. 1 with linear 

chamel No. 2 data. The linear c h l  No. 1 detector YQS o p e d  in on uncompcnwted 

mode while the charnel No. 2 detector was opcmted in a c o m p n ~ ~ t d  mode. The differences 

Ltetween the two detectors are large even at low power. There la- differences ore 

unexplainable. 

Log p e r  sigmls, alttmugh quite occurate for control purports, acr diff;cult to d 
on Sarbom chorts. A 2 percent Sonbom error is aquivalent to 38 percent error in power 

d since Sanbom data fraqucntly exhibits me to two percent error in span and o k t ,  a 

+ 30 percent deviation between log indications is not unusual. - 
All multiplexed power indication data was fourd to bc erroncovs and hence WQI not mad. 

Therefon, only the rabbit data ad the linear No. 2 data 01 read from h b o m  chotts and 

corrected for span and zero offset, M used m the power analyris. 

1NTO-M-0671, Reactor and Neutronics Summary Report NRX-A2 Test Series, Part 1, 
H. -8 OCtokr 29, 1964 
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TABLE 4-31 

NEUTRONIC POWER INDICATIONS DURING EP lVA* 

Linear No.2 Linear No. 1 Rabbit Percentage 

lrrad ia tion (Percent 
Instantaneous In terva I Design 

From To Power) -- Time 

13416 13408 13606 0.160 

13790 13745 13804 46.4 

13900 13819 13946 78.2 

13985 13960 14001 84.9 

14085 14004 14090 90.5 

(Percent 
Desigr 
Power) 

0.116 

36.6 

72.4 

69.1 

72.8 

Difference 
(Percent Lin. No. 1 Rabbit 
Design Vi. vs. 
Power) Lin. No. 2 Lin. No. 2 

(0.162)' -27 +1.7 
0.156 

(47.3) -21 +1.9 
46.8 

(78.6) -20 *. 5 
75.5 

(85.7) -19 a. 9 
85.8 

(92.6) -20 +2.3 
88.7 

*Taken from NTO-M-0671, Reactor and Nuetronics Summary Report, NRX-A2 
Test Series, Part I, H. Mortenson, October, 1964 

+ ( ) indicates corrected io instantaneous value 

w i t k t  brackets i d i c a t c s  experimental result for rabbit irradiation interva; 

4 -  114 
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Based on the previous discussion, it appears that the behavior of the linear neutronics 

in the detector tank is too complicated to understond. However, since it agrees foirly 

well with the nozzle rabbit which theoretically should be easier to understand, then an 

effort should be made to obtain leakage correction factors for the nozzle rabbit which 

could be also applied to the neutfonics data. Based on the calculations to date, i t  appears 

ttut the correction factor for the nozzle rabbit should be in the direction of increase of 

the indicated thermal power with increase in power. To calculate the exact correction 

factor wov!l i=quire modification of one of the two existing two dimensional transport codes 

to obtain a printout of the angular leakage currents and then an integration over angle 

and surface area to obtain the flux arriving at the external detector point. Since this 

correction i s  believed to be less than 5 percent and since calculations of this type are not 

believed to be any more accumte than this uncertainty, this correction has presently been 

omitted. Third, a correction to account for differences in drum angle between operating 

and calibration must be made. A correction for the operating vs calibration drum angle of 

+ 1.3 percent has been inciuded as well os the corrections for fission product buildup n 

l i s ted in tables 4-29 and 4-30 for the stated hold points. Thus, both the measured neutrmics 

and rabbit power determinations during EP IVA have been cmscted to the values shown 

in  table 4-7. The total energy release for the thermal and neutronics data, which were 

obtained by integating under the respective power vs. time curves, are also given in 

table 4-32. 

Gtimated Accuracv of the Data 

f'd on a calibration to LASL standards, the relative precision of radiochemical 

analysis has been found to be - + 3 percemt which i s  also consistent with the accuracy of 

wire 

analyzing differeit isoto,p in the same solution. However, differences of 9 percent exist 

among various laboratories anclyzing the same standard solution and VJANL and USNRDL 

using their own respective calibrations determined the LASL solution tu contain 12 and 

9 percent less fissions, respectively, than quoted by LASL. Thus, it appears that the 

LASL value i s  biased toward the higher values. Assuming other uncertainties as quoted in 

*Ar.rr-r .r~ A - 
4 -  115 
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TABLE 4-32 

COMPARISON OF INTEGRATED ENERGY RELEASE DURING NRX-A2 TESTS 

Exper imen to I 
Plan Detector Total Fissions 

EP II U-AI wire calibration 2.62 x 10 17 

22 EP IV Linear Neutronics 1 . 0 7 ~  10 

EP V 

EP IV 
and 

EP v 

Pabbit 
Thermal 

21 
Linear Neutronics 1.35 x 10 

Rabbit 21 
1.4ox 10 

Energy Rel- + 
W - S U  

6 7.99x 10 

11 3 . 2 6 ~  10 11 
(3.25 x 10 )* 

,--,,** 
11 

10 

3.41 x 10 

4.08 x 10 
(4.26 x 10 )* 

4.24 x 10 10 

11 3.67 x loll  Linear Neutronics 1.21 x 10 

Thermal 1.25x ld2 3.81 x lol1 

22 

Rabbit 1.19 x 1$* 3.59 x lo1 

Post Test Radiochemistry 1.21 x 1022*** 3.68x 10 

* From NTO-M-0671 - Part IV, 14 December 1964 

** Integral rabbit data lost by melting of pellet 

*** From NTO-02-006 

+ Based on assuming 190 Mev/fission thermal energy abrorbed averaged over the run. 
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1 
WANL-TNR-158 , the accurocy of the PAX power calibration on which !he EP II calibration 

i s  bored, i s  estimated to be -13 pcrcent to + 5 percent. To this inaccuracy estimate must 

be added the inaccuracies of the rabbit sulfur activity determination which is  quoted to 

be + 3 percent. Hence, the w ~ d l  inaccuracy of the rabbit power determination i s  

estimated to he -13.4 to + 6.0 percent. A comparison of the neutronics and rabbit power 

determinations for EP IVA toqether with their uncertainty margins are presented in table 4-7. 

- 

'WANL-TNR-158, Preassembly Eynrimnt (PAX) in Support of NRX-A2 

4 -  117 



laboratory 
WANL-TNR- 199 

STARTUP AND SHUTDOWN 

Thermal nnd Fluid F!ow - Startup -- 
R €ACTO R 

Based on the results of the EP I B  liquid nydrogen test described in Chapter 3 the reactor flow 

was expected to lag the venturi flow during the first 15 seconds of the startup. Reactor flow 

during this interval was obtained from NRX-A1 cold flow test results , and the power demand had 

been reprogrammed prior to EP IV to give the desired 50°R/sec nozzle chamber temperature startup. 

Giveti on figure 4-42 are the NRX-A2 EP IV flow demand profile, the LH, flow profile measured 

at the venturi meter downstream of the pump, FE-7, and the reactor flow rate which was calcu- 

lated from measured nazLle chamber conditions. Super-imposed on the same figure in ttii proper 

relation to the demand flow profiie are the NRY-A1 and NRX-A2 EP IB second LH test reactor 

flow rates. These results show that the octual reactor flow rate during the startup was very similar 
2 

to that which was expected. The flow lag was anoiyred in some detail for NRX-A2 . 

1 

.- 

2 

The power, flow, and station 32 core material temperature control demands as they were cut 

on the program drums, are given in figure 4-43, except that power denwnd was on a log scale 

rather than a linear scale. After the prechill the controller was switched to run and the program 

drums rotated simultaneously and were stopped at the planned hold points. 

The dotted curves on figure 4-44 are the power demand and the planned nozzle chamber 

temperature while the actual power and chamber temperature are given by the solid curves. It 

can be 5een that the power was higher than programmed during the early stage of the startup (Time 

CR 13700 to 13720) and the nozzle chamber temperature increased at about 125'R/sec, whlle 50°R/ 

sec was the expected rate. At Time CR 13712 designated on the figure, station 32 temperature 

control loop became effective in the control system and began to trim the power thereby controlling 

the stcrtup temperature ramp. The effect of the high power on core material temperatures for this 

same time interval are given on figure 4-45. This higher power (than programmed durirlg startup) 
3 was due to an error in setting up the programmer . 

1 WANL-TME-773 and Supplement 1, NRX-A1 Performance 
2 WANL-TME-1017, NRX-A2 Flow Lag, October 26, 1964 
3 NTO-R0008, NRX-A2 Test Prediction Report,, July 1964 
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TNT CALClJLATED AND W E D  STARTUP CONOiTlONS 

-tat pcdktal opaot'rrg dit'nm &w th, =-A2 tat ~ R R  wkuhd with Ih l N T  
1 

d l  and given in WANL-TME-887 . Geollrsc tk a~aotirrs ad f b w  PFOfiies 
dc.7-q the tat were caa'dcmbly d;ffemnt fnmn p k d ,  the pe-tat cakulat'i -e no 1- 

oppl'kabla, In ader to v i d e  a brtter d ta t  &to and colcub-m, opcroting cat- 

ditians were  rrcalcuiorsd 

in tk r e a t o r d  from that d m the -test aolculot'i, 

the W T  codt ad the test power ad fb. That were no drongcr 

Ha*r mta d wms that dcubted frm! noale chanbr d i t ' w r a  s k w n  in figur, 4-42 while 

parer 

rot+ to c~incick with 

r r g ~ ~ t h + k g i m i ~ d s ~ t h r a u g h t h t c n t i r t t e s t p r d i l e .  Steodysmhi#tpowr 

opuutian c o m p k m s  w u e  in very poor o ~ ~ c m c n  . t becawse dth higher thar expected noult heat 

pick* ad ref/ector Wing mk, A --bn of TNT ad 

was given in tobla 4-27. On tk b a s i s d  these canporifarr the T M  rwctormQdhl is bingod- 

justcd. bcarrsc these W-ktioFI in ha t  pickup have o scrrall c k t  an storhq cdculatiau, o com- 

par'lrar d mcQuctd ad calculatbd 

islclded in thii section as o mc~surc d tht ability of he  T M  calculorlm to r e p d u c e  m i e n t  

rwctor cadit'-. 

0bk-d from 1'- h 2 n+Utranic c-1, i n c d  by thc -io& 

thc dculotian colCv(0ttd ~orrcr  at thc stQ0dr stotc hord ti-. 

nozzle aQNoting carditiaa 

md orcrwcr b i n g  pechill* ad statrrp ore 

These comparisons of TNT colculatd ad tat results during -hill ad rtarhrp show timt the 

TNT model closely npoduced thc reactor conditim during this tmnrient. In particular, thc 
tmuient CQC tcm~eratue distrihrtion ogemrccrt w m ~  nmakably good. 

The TNT unnpariscms QC given on the fiwres listed helaw, and o d'kussian is included in the 

following poger. 

Figure No. Comporisas Of 
TNT AND TEST STARTUP COMPARISONS 

4-45 Core Material Tempemtums d l i e  Rod Exit Tempmotwe 

'As noted above, the ftdf was rerun from the bcgiming of startup. All TNT results for the 
pmhii l  period (to lima CR 13693) m from thc prekrt T N l .  

1 WANL-ME-887, NRX-A2 Test M i c t i o n  R e p : ,  July 1964 



4-46 
4-47 

Figxe 4-46 is a conrpaism of c# and TNT port tat wlculotcd v o l e s  d colt 
inletpssucmdcorc phsrurcbp. l h e ~ ~ I u c r o f c o r e p r a n n 6 0 p a n d c o r c  

inlet phsrurc agm very well wi* thodc calculated during this rtorhrp period. 

REFLECTOR - STARTUP 

The a r i d  tcmpwchnr variation at tk reflector inlet, reflector outlet, dam d 

plcmm, ad core inlet at the d of prcchill (Tim CR 13693) were given in figue 64 

and 4-5. This figuc h w s  a simila-ty of gametric tanpemturt voriatiarr in all plenums 

with a minimum in tk vicinity of tht nozzle feed line (e = 120 &gee location), and 
in sane cofcs ar indicatim of a lca~r teinpemhrrt dcpcsrion opposite the f d  line 

(e = 300 kgrrcr). The flow rctte cmd system pressures begm to imreose rapidly at 

T i m  CR 13709 d shortly W t ~ r  the tcmpcrahrn oynmetr). wos v. 
effect of this t~npcmtwe asynwnetry during the early stow of sturtup i s  evident. 

No a d v m ~  

In fisure 4-48 the two extreme fluid thermocouple indications at the reflector inlet 

plenum are shown with the pnrrurc at the same location. In the uppcr port of the figure 

i s  the azimuth tem(m0ture varictians when the reflector inlet pmsure i s  less than critical 

pressure and when it exceeds critical pmsun. It i s  noted that the azimuth temperature 

voriotim has been drastically reduced. At the c(i;e inlet the csymmetry persisted for a 

longer time, however i t  disappeared on the ramp to the first power hold. Figure 4-49 
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shows h t  the asymmetry wos sti!l in evidence at Time CR 13720 but not at 13790, during 

the power hold. At this time the mcoIuccd values are a l l  within the 20 ccror limit. The 

azimuth tempemtwe variation is  probably associated with two phase flow in the nozzle, 

but tk times at which it reduces drastically carnot be d i m t l y  correlated with exceeding 

hydrogen critical pressure, ~ K J  o noted above, the -try persists at the a x e  inlet 

for 10 to 15 seconds longer thar at the reflector inlet. Ar far QS the EP 1.4 high power 

reactor opemtion i s  concerned it is con~ludd that tk thermal asynunetries cause no 

adverse effect during the stortup and OFC not ev'ldent during the stcady holds. 

The TNT calculated and test values of reflector inlet cmd reflector wt le t  fluid 

tempemture during the prechill ad stortup were given in figure 4-7 and show excellent 

ageement. 

The lower curve of figure 4-47 is  a compc. ison of calculated (TNT post run with test 

power and flow schedules input) and measured values of the reflector inlet and exit pressure. 

During the prechill and stortup the calculated values ore within the 247 l imi t  of the meosured 

values. At the start  of the first power hold (Time CR 13743) the calculated values are 

about 10 psi below this 247 limit. 

The upper curve in figure 4-47 is  a campxison of the calculated and measured pressure 

drop. As seen on the figure the calculated values are below the measured by about 8 psid. 

There are several r- for this; first, the flow annulus between the inner and outer 

reflector has been calculated using measured temperature and prerrure conditions in the 

reactor during the power run. This reevaluation showed the annulus width to be ari overage 

of 0.092 inch, compared with the value of 0.108 inch used for the TNT model. This 

change in annulus width in conjunctior, with the associated impedance ring chmge represents 

an increase in the total flow impedance of the reflector system. Secondly, the percent of total 

reactor power measured in the reflector region was 15 percent higher than that used for 

post test T N T  calculations. This increase in reflector power results in ;?creased pressure drop 

across the reflector system. These two items and the measured reflector inlet temperature 

have been incorporated into the post test MCAP-TOSS reflector steady state model, and 

the post-test values calculated at the high power hold (Time CR 14085) give an outer 
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reflector ~ S S U ~  drop which i s  0.3 psid lower than the measured value and i s  well within 

the 20 i imi t  of 1.8 p i d  for this measurements. 

The small spikes in reflector pressure and pressure drop, shown on figure 4-47 occurring 

at a k t  l ime CR 13648 i s  most likely due to the closing of bypass valve AW-11, resulting 

in a small surge and increaK in flow at ;his time. 

The upper and lower material temperature traces for both the inner reflector and the 

control drum ore shown in figure 4-50. The inner reflector chills at a faster rote than the 

control drum, however during a power run these tempemtures run higher than the control 

drum and therefore during the startup these temperatures cross and rise above the control 

drum temperatures. 

Figure 4-51 shows selected material temperatures of the outer reflector during the 

prechill and startup. The tempemtures continue to drop even after the startup has been 

initiated. The station 45 thermocouple reaches i t s  minimum vulue at lime CR 13716 and 

then begins to rise. Station 32 and 8 being further downstream reach their minimum values 

at the luter times of lime CR 13725 and 13729 respectively. 

Thermal and FIuid Flow - Shutdown 

At the completion of the run the progmmmers were switched to retreat, i.e. the demand 

profiles on figure 4-43 moved in the reverse direction from the hold point indicated by the 

vertical dotted lim. Power and flow began to decrease and nine seconds later a manual 

flow shutdown and power scram were initiated due to apparent 10s of Dewar pressure. The 

pluined shutdown wos to retreat w i t h  the nozzle chamber temperature decressing at 50 F/sec 

until nozzle chamber temperature ha! been reduced to 22QO0R, then to initiate a flow 

shutdown and power scram. Calculations indicated that the scram at the end of th is  retreat 

would result in a maximum nozzle chamber temperature dezrease of 135 F/Kc. The K;mm at 

shutdown of the EP IV test occurred when nottlo chamber temperature had only decreased 

about W0R from the maximum of 3815'R on the retreat, ax! was consequently more severe 

than the planned shutdown. 

0 

1 

0 

'WAN L-TME-887, Supplement IV, NRX-A2 lest Prediction Keoort - 
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4 comparison of the planned and test nozzle ckmber temperatures fer the shutdown 

interval i s  made in figure 4-52. ?he maxim :m nozzle chamber temperature decrease rate 

was 35a0R/sec versus the 135OF/sec planned. A;It)rouaL. the nozzle chamber thermocouple 

+ s  not giving the mixed mean nozzle chamber temperature, i t s  rate of change i s  probobly 

c good indication of the decrease rate of chamber temperature. Initial chamber temperature 

decrease rates were greater than 5OoR/sec preceding the scram Zzeccritr - there was a lag in 

the response of the reactor power to tbo demanded downward to np and then a suJrien 

decrease in reactor F3wer of over 100 MW. This is illustrated by canparison of the rhutdowti 

demands to the measured variables in figure 4-53. The bottom curve of this figure shorn 

that flow responded well to demand flow. The middie curve shows that tempcrature demand 

hac! resulted in the maximum +15 percznt pwer  trim and had no c mtrol effect for the 

shutdown. The top curve of this figure indicates that there was a six-w:Ond delay in 

response of the power to the power demand. When the power did respond to the demand, 

there was a sudden decrease of nver 100 MW just as the flow had begun to decrease resultiy 

in o cooldown rate in excess of 50°R/sec. I f  the f!ow shutdown and scram hod no? occurrd, 

the nozzle chamber temperature decrease rate would have amroached 50°R/:ec as the retreat 

continued. The delay in power response to the demand i s  atrributim to raturotion of the 

power demand signal amplifier which has been replaced. 

Tie rod exit gas temperatures peak at 120O0R, the exact l imi t  for a tronsient during 

EP IV. Tie rod time-temperature traces were given in figure 4-26. Core inlet temperature 

for the shutdown interval i s  given in  figure 4-54. The minimum core inlet temperature 

during the shutdown was l S o R .  

At the time the reactor was scrommed, ambient GH was introduced into the feedline 2 
upstream of the mixing chaniber. The PCV-41 preriure control bop was activated to 

introduced gaseous hydrogel. at 50 percent of the nozzle inlet pressre which existed just 

prior to the scram. As indicated by the reactor flow rate in figure 4-52, there were some 

oscillations caused by the control loop as the GH2 farced the 200 pounds of LH2 out of 

the system piping and mixing chamber. These oscillations were evident in the nozzle 

inlet pressure also, as shown in the figure. 
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Inunediotely following the nactar shutdown 16 of the statim 45 material tempemturn 

indicated a rise in temperature and four of these thennocouples failed. 

Two of the tempemturn which peaked (T-676 and T-634) cn given on figure 4-56 01 a func- 

The power-flow mtio for th i s  shutdown interval is also given on this figure. tion of ti-. 

temperu+ure hod actually i n c d ,  the powerflaw mtio should hove shown a similar increase, 

which i t  did not. 

temperature peaks and thermocouple h i l u m  at shutdown occurred only in station 45 instruments 

and these were saturated prior to shutdown; i. e., indicating several hundred degrees less than 

true temperature because of thc high tcmperoture envimment of the thennocouple and the t h e m -  

couple lead. The fact that the thennocouple signal is degraded because of the high temperature of 

the 1 4 ,  suggests the possibility of an increased output occurring when the lead temperature drops. 

This may have been the cause of the apparent temperature peaks, differential thermal conditions 

between the I d  and centrol element. The exact cause of these failures could not be determined 

during past-opemtive inspections. 

Nuclear 

ii the 

Therefore, a temperature rise at shutdown is  considered m t  unlikely. The 

1 

SHUTDOWN 

The reactivity effect due to the sudden changes in reactor temperatures and coolant hydrogen 

densities has been calculated for the shutdown interval. The result of th i s  calculation, based on 

experimental temperature and pressure ~~.easurements, i s  given in figure 4-57. The lower curve on 

:his fiwre shows that during the shutdown period the m i m u m  positive reactivity insertion is only 

60 cents &e to the changes in system temperatures and coolant flow conditions from thcse of the full 

power hold. The points shown were calculated with the simplified techniqua discussed in tk appen- 

dix. They indicate the inherent safety from nuclear excursion during the shutdown period. The 60 

cents positive reactivity insertion occurs after the drum bonk has been scrammed. This scram inserts 

-4 to -5 do'lars of reactivity into the system. The net reactivity of the system is thus about -3 dollars, 

well within the 2 dollar shutdown margin required at the site. 

WANL-TME- 1079. NRX-A2 Instrumentation Disassembly and Post Owrative Reoort 
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COOLDOWN 

Figure 4-58 summarizes the flow rates during cooldawn. This figure and figure 4-59 
1 

are taken directly from the N 2 X - N  Site Test Report since this report presents the best 

available information on flow rates and coolant usrrge during cooldown. Time zero for 

the cooldown analysis is designoted of Tine CR 14109 recomb and correspcmds to the 

time of reactor scram. The KV-41 pressure control loop was activated simultaneously 

with reactor scram. About 11 seconds were required to exhaust the approximate 200 Ib 

of LH that :s stored in the piping system and mixing chomber during oQcmtion. Con- 2 
tinuous ambient G H  
after scram. At his time the maximum core temperature wos well below 1400 R and 

therefore ambient nitrogen cooling was initiated at approximately 30 Ib/sec. The con- 

tinuous ambient nitrogen flow WQS manually controlled b t t w t m  approximately 30 and 

5 Ib/sec. Pulse cooling with approximately 5 Ib/- of ambient nitro= wus initiated 

at about 1 hour after scram. Pulses were initiated by one of the following temperature 

limitations: 900'R core station 8, 8S0R inner reflector, ond 8SoR support plate. The 

core station 8 temperature exceeded the v%?! l imi t  by l S O R  before the first nmbient 

nitrogen pulse was initiated. The purpose of the core stution 8 temperature I:mit wos 

to l imi t  the orifice adhesive temperature. The orifice adhesive has been successfuly 

tested at 120O0R, however without gamma radiation effects. In dditim, the orifice 

was undoubtedly at a lower temperature than core station 8. Thus, the orifice adhesive 

was probably not damaged during cooldown. After approximately 13ooo seconds 

(3.6 hours) 200'R GN2 at about 5 Ib/sec was used for plse cooling. Dw-ing this 

period an excessive amount of coolant was used because a faulty c o n  s-rt plate 

thermocouple gave rd ings  higher t h  the operating limit. 

cooled inefficiently to approximately 200 R. 
scram. 

cooling between 20 and 6 Ib/sec w a s  maintained until 125 seconds 
0 

2 

k a result, the core WOS 
0 

Pulse cooling wor emttd at 32 hours after 

'NTO-R-0008, NRX-A2 Site Test Report, November 20, 1964 
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The total quantities of all fluids used during cooldown a n  shown on figure 4-59. 

Figure 4-58 and 4-59 also show calculated coolant flow rata and coolant vroge for constant 

chamber tempemtures between 8m0R and 140OaR. The following description from the 

NRX-A2 Site Test Report applies to the calculated data on these two figures: The predicted 

(calculated) values shown are for an integroted power 3 x 10 MW-sec and a peak power of 

102 percent. The reactor decay power was computed by the Woy-Wiper fission product 

decay model and a summation of six delayed neutron groups to obtoin the delayed neutron 

power decay. This model has been verified by using data obtained following tk completion 

of KIWI 6-4D and 6-4E tests. Calculated flow rates and coolant usage a n  only shown to 

indicate the approximate coolant exit conditions that existed during c0aldO.m. More 

detailed analysis was not d e e d  necessary in view of the uncertainties of the available 

cooldown data. A comparison of KIWI B-4E and NRX-A2 cooldown gas requirements is 

given in table. In order to evaluate the efficiency of cooldown the average exit 

gas temperature for a l l  gases used during the cooldown hos been calculated and i s  given 

in the table. These absolute tempemtures on a relative hasis are a good indication of the 

efficiency of the cooldowns. 

5 

The cooldown was not compared directly with the pre-test predictions primarily 

because the power profile was different than the one used for the predictions and the 

coolant usage and control was considerably different than assumed. Figure 4-60 shows 

a comparison between the predicted decay power during cooldown, and two experimental 

power values. The calculated power i s  k e d  on the EP IV power profile and w a s  calculated 
2 with the latest decay power calculation method . The experimental power values ore 

k e d  on heat stomge in the core during intervals between ambient nitrogen coolant pulses. 

Since only relative changes i . t  core temperature were required for this calculation, the results 

’NTO-R-GXE, NRX-A2 Site Test Report, November 20, 1964 

%ANL-TME-840, Reactor Analysis Data Book, February 1965 Revision 
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are not influenced by the considerable inoccumcies of the measured core tampamturn at 

low absolute temperatures. The experimental values were incmosed by 7 percent to convert 

core power to total reactor power. The agibamant between the two experimental values ond 
the predicted power is exceptionally good. Due to thc limited cooidown data aniy two 

experimental power values at approximately ana and two hours after scram could be calculated. 

However, these h. 

power curve. As expected, tk experimental values am helow the calculated power since 

the heat l a  from the core WOI neglected in the experimental power determination. 

points are sufficient to check the absolute volue of the predicted decoy 
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C H A P T E R  Fi 

E X P E R I M E N T A L  P L A N  V LOW P O W E R  M . 4 P P I N C  T S S T  

TEST OBJECTIVES, DESCRIPTION, AND CHRONOLOGY 

The Icw power mapping test, EP V, was designed to achieve the b l l  wing mais  

objectives : 

1. To demonstrate stable reactor operation and to gain perfonnonce datu in the low 

power reactor operating region which i s  achievable with L'r-ar p r m r e  feed. 

2. To demonstrate stable reactor operation with two phase i-ydrogen care inlet 

conditions, and thus eliminate the minimma 90°R core inlet limitation. 

3. To demonstrate stable reactor operation with fixed control drum5 and flow curtrol. 

On 15 October 1964 the lower power test was performed. 
-. 
I hese objectives ware 

achieved during the EP V test. The reactor was o ~ m k d  stably at seven distinct s t d y  

state holds covering a range of 21.3 - 52.5 MW in thermal power and 5.2 - 13.5 Ib/sec 

in liquid nydrogen flow rate. A considerable portion of the test was prfaimed with two phose 

conditions in the reflector region and at the core inlet. During fixed ccntrol drum opemtiai 

a pover variation betw=en 21. and 52.6 MW was accomplished by cor.troiling the frow 

between 5.2 and 13.4 lb/sec. Power response as a result of vuriations in flow was completely 

stable. 

Two figures, the low power performance map and the time variation of power, flow, 

and control drum bank position, +scribe the EP V test chronology. Figure 5-1 illustrates 

the steady state low power performance map with pre-test (TNT calculation) curves 

representing 1000 R average tie rod exit temperature, zero reactivity feedback, and +1.0$ 

reactivity kqdback. These reactivity feedback lines were calculated wi+' '3 ir simplified 

equations which are based on the detailed nuclear design reactivity cctculation method . 

0 

1 

1 

WANL-TME-936, Develapmenr of a Method for Computing the Cold-to-Hot Reactivity I 

Ch-qge in the NRX-A Assembly, 30 September 1964 
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The  fa^ s i n p l i f i i  cquat-h~ ~alcuEOtc reactivity fecdbock o 

h- dcMiV, 
avcl~gc outer reflector tmpcroture. These s i m p l i f i i  cquot'larr lost occumcy in the low 

pomr opemting region. ComcMltive rea- apmticm is posrible at m y  flow - 
points thot WI between tk 1000oR tie rod coolcnt exit trrpcmtucc and tte +LO$ 
feedbock rcoctivity curves. These limits QC urh.cmly carravotive since tht EP V tat 

was the fird -t to operate in tk low power region. For uoarple, tte t ie rod exit 

wtmh~c limitat-m far mrrma~ trmsimts is 1 ~ 0 0 % ~  while tte tot01 oroiIaMe r)~tdo*m 

m t i v i t y  from a 90 stgw c ~ r r h o l  d m  psitian is qpmximotdy 45. 

power and flow points thot were ahieved dur'ig tb EP V tat cue nrprim on tht 

k t ' k  d a v e r ~ ~ c  m 

C Q C  WhMbl tCmQerohrrt8 OvclOQc 'nmCr f d k C *  dmriv, d 

The comtant 

nmp. In odditim, test rcs~lts me u d  to show ihe apoxinwrte location of 

tht -t m% tk rod -tWt, -0.05s fcoctbity fccdbock, d 4-43s 
reactivity ftedbock. Thc time voriatian of power, flow md contro! &um bmk pasiticm 

skrting fmn tk conclusion of tk -hill is I)Kmn QII figure 5-2. Thc constant power 

and flow p-nts that were ochieved during the test me indicated on figwc 5-2. In gencml 

tht trom-enb during the EP V test wctc very slow c a n p o d  to nom01 s t a t u p  and shutdamm 

opemtiar. fhc a t i r e  test fran s t a t  of prechill to reactor scmm required opproxi.atottly 

20 minutes. 

The EP V test cansi-%d of twu parts; are, carstant power with flow control, ad twor 

fixed cantrol dnnn with flow control. On fiwn 5 1  the constant power port consists of 

points 2, 3, 4, 5, Qld 6, and the fixed cmhol drum part consisted of points 6,7, ad 8. 
The initial port of the test cmsisted of a prechill with oppoximotely 2 Ib/sec flow ad 

1 M W  power m t i l  the core inlet temperature tad decrcoKd to 300%. At this time the 

power wcs i n c h  to 19.8 MW' wi th a 2.5 second p iad ,  and the flow was increased 

to 7.3 Ib/sec'. These conditions of flow and p e r  (point 1) were mointained for 

apgroximotely 120 seconds, which was not sufficient to estoblish steady state reactor 

conditims. Point 1 was required to circumvent the systew fiow lag which forced the 

The best estimate of thermal power, 
should comrpond exoctly with figure 
which i s  about 9 percent greoter than -- 1- -- m-n A 

1 - A -  - ---- - 
r3  1-n- I 

- - -A 

w .  - n--- - 

and average venturi flow are specified. These valuer 
5-1. Figure 5-2 shows Lineor No. 2 (meourred) power 
calculated thermal power. 

5 - 3  
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disccmtinuat'h a4 the firstottempt to perform th test. At this time the porrcrwar 

kKIboIbd k 37.7 MW, and ttcC flow k 8.3 Ib/lcc'. The resulting s b d y  state d i t h  

wit 2) is tk b e  point for the cansiont power test. S m ' h g  frcrn point 2 I- siote 

r w c ~  opemtia; at c0lrr-t power with umriotions in flaw WM ahieved at po'rrb 3, 4, 

and 5. The moximm rsoctivity L y k y k  aguol to +0,43$ octrrmd at point 3 with 13.5 

lvsa* flw. Point 4 with 7.8 Ib/sec+ flow poduad the highest tie rod tarpaaturn thot 

okervd during the test. k r a l p i s  of the tart resulh indicates that this obsarved tie rod 

thwarrcouQIerror in error, ad thottheochrol tie rod tenpcmturcwarmlyqrproximotely 

730% at pint 4.  he fixed point 4 with 10.5 ~b/rcc* 
ftaw, 37.7 MW' power, d -0.05$ urpaimenlol reactivity feedbck, S w i n g  from point 4 

thc flow *rg gobolly incrca#d to 13.4 Ib/rcc' (nmximrrm flow with 100 p&a Test Cell A 

Ocrro paaula) ad mointoind rntil skble rcoctur operation at 56.7 MW' (point 7) was 

ochievd. Frorn point 7 the flow wpc slowly dccrcased IO 5.2 Ivs', with a amespodhg 

power deuease to 22.9 MW (point 8). From p-nt 8 m outocnotic shutdorm (reochr scmm, 

d'bcartinuatim of , i + d  f!m, and initiotim of approxinmtely 5 Ivsec of anbicnt 

hydrogm) WQS d to complete the test. 

dn*n test was init-atsd 

The onolysis of the EP V test wi l l  be dividcd into hm, ports; one, the low power steady 

s i u k  opemting carditions and two, reactor oQerotian with fixed . 

s i g r i f i u m t  rcoctor d i t i a r s  w i l l  he cornpored with TNT calcuia. 

reactor model and calculation procedure, 

--I drum. lk most 

. using the pretest 

STEADY STATE OPERATING CONDITIONS - THERMAL 

T h l  and Fluid Flow - Analysis of Ooto 

A major objective of the EP V test woz to obtain steady state data in the low power-low 

flow operating region. Such data is  reqvired to determine the low power operating map. 

Seven steody state points were achieved during the EP V test. These steody state points 

are indicated on figure 5-1; the low power perfam#nce map, and on figure 5-2, the 

*The best estimate of thermal power, and avercie venturi flow are specified. These values 
should cornspond exactly wi th figure 5- 1. Figure 5-2 shows Linear No. 2 (measured) power 

- 

which i s  about 9 percent gnater than calculated thermal power. 

5 5 - 5  w 
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time wrht;on of power, flow, and control dnm pmitiat. Thcrma! pufanumce doto for 
these seven ste 

in tabit 5-1. This section w i l l  

mocl# pcrforrnnce condit'm at these seven law power holds. 

state points and m e  i n m i a t e  hdd during the storhrp is tobulatad 

the deteminatiar d thcmral pawcr md thc siwifiaart 

The timmol power calculat'm wos k e d  on points 2-6. These points acc chamcterizee 

by cmstmt nuclear power (Linear No. 2 nrorunmcnt). Colcubted nozzle clunbcr tunp- 

arohrrt d OWCO~C venturi flow were used todetermine the thermal power. The choked 

nozzle flaw cqwtion using mcQsuccd noule ehanber pcrarre md avertage ventui flaw 

wol used to calculate the noule c h c d a  tcnpcr9tut. The calculated nozzle chamber 

tanpuuture wus used in place of the mcQIurcd tanpcmhrrc due to the inoccucocj of these 

thennocouples at tie relatively law tunpemtwes thot occumd dwiw EP V. Thermal power 

for the EP IV test was det=rminad by multiplying the flow rate times the coolmt entholpy 

diffar#rce betwcar nozzle chomber and reflector inlet plenum. This method WQS not usad 

for EP V since the reflector inlet enthalpy could not be occumtely detennined be to two- 

phase conditions c m d  the inoccumcies of plenum - mcoarnments at neat liquid 

hydrogen tempemturn. Therefore, a curve b o d  cm TNT prcdictim calculationr which 

gives chomber teqemture as a function of the pwer-twflow mtio was used. This c w t  

which i s  qspmximahly linear was colcula!d for flaw mtes bctmar 7 and 14 lb/Kc, 
and chamber tcmpcmtures between BGO ~ n d  2000%. With this c u m  the flow-to-powcr 

ratio was b n d  o a k t i m  of chamber tcmpemture for points 2 6 .  The thcnnal pwwer 

was then calculated by multiplying the power to flow ratio times tk average venturi flow 

mte. The accuracy of this method is only affected by the accumcy with which t' TNT 

code predicts the nozzle heat pickup. The predicted nozzle heat pickup at there operating 

cmditims is less than 3 percent of the totul reactor coolant enthalpy rise (nozzle twus to 

nozzle chamber). Therefore with this method a 50 percent error in calculating the nozzle 

heat pickup results in only a 1.5 percent error in determining total reactor power. Far 

points 2 - 6, the average calculated thermal power eqwl to 37.7 MW is  approximately 

8 percent ower than the measured nuclear power (Linear No. 2) of 40.6 MW. The thermal 

power for points 7 and 8 was determined by multiplying the measured nuclear power times 
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0.92 which is the mtio of calculated thermal to mcoIutcd nuclear power for points 2 - 6. 
Based on thermal power and average ventwi flow the reactoropemted in the rmge of 

21.3 to 52.6 MW power and 5.2 to 13.5 Ib/sec flow during the EP V test. 

A conrtrrative reactor operating limitation before the NRX-A2 test was a minimum 

cQcc inlet tempemtun equal to 90%.  he plrpase of this l imi tat iar  wQI to otu~c 

completely  orea an !+ow at the coct inlet. It was felt that the high densities ossociatcd 

with liquid or two phore 

feedbock which in tvrn, could produce power oscillations or an uncontrollable pawsr 

increase. The EP V test proved these considemtims to be unfounded. h r i n g  the test, the 

reactor operoted stably at two distinct steady state holds (points 3 and 6), with two-p)wrrc 
hfl-ogen conditions at the core inlet. The plenum temperohre -ts were inaccurotc 

at two phase hydrogen temperatures, and only the existence of two p b  canditims auld 

be established. The two phose knpemtures that are shown in table 5-1 ore b o d  an the 

mcosund pressures. Stable reactor opemtion with two p b  hydrogen at the core inlet 

may be inferred since no power oscillations or o h  signs of instability h ~ c d .  

Change in reactivity feedback during constant power opemtion were accompanied by nearly 

proport'hnal changes in control dnrm position. Figure 5-2 shows ttmt a smooth inword 

rotation of the control drums O C C , J ~  during the transition from point 2 (single phase at core 

inlet) to point 3 (two phase core ivlet conditions). This prover that fw the test condi t im 

the transition from single phase to two phase does not cause a sudden or abrupt change in 

reactivity feedback. Therefore, on the basis  of EP V results, the core inlet temptuture 

limitation of !?O% car be eliminated a d  replaced by a more genemi positive reactivity 

limitation which is measured by a change in control drum position from the cold critical 

pi t ion. This w i l l  simplify and increose the area of the reactor operating region since 

only one lower limitation (reactivity feedback) is required. 

could produce excessive d / o r  unstable positive reactivity 

The tie rod exit gas tempemture limitation forms the upper boundary of the low power 

operating map. For this reason i t  is  important to accumtely locate the tie rod limitation line. 

Table 5-1 shows that tie rod exit gas temperotures (average of 1-755 and 1-765 measurements) 

ranged between 345 and 8&R. Tie rod thwnocouple 1-760 gave unexplainably higher 
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reodings.tha, the other two during part of the test. Tie rod thmnocoupla 1-753 d 1-765 

gave consirtent readings during the test with a difference between d i n g s  of less thar 
SOOR. On the other hand, at Time CRT 13900 seconds 1-760 d 470% h i g h  then 1-765, 

while at 19775 seconds 1-760 reod higher by only 20%. 

behavior may have been caused hy the T-760 thmnocouple contocting the hotter moly- 

bdenum cone during port of he test. For th is  rc~son 1-760 d i n g s  were neglected, d 

the average of 1-755 and 7 -76  is shavrrn in table 5-1. Point 4 was the planned point on 

the 1000% tie rtxi exit gas tanpcr~hrre line ( k ~  tte low power prfmmmce map, figure SI); 

k e r ,  hy neglecting the 1-760 masummmt the tie rod tanpmtun at point 4 was ml! 

730%. The maximum tie rod exit gas temperature of 830% occurred at point 8. The sS% 
d i f f knce  in tie rod tempemturn between points 2 and 5 which have n w l y  identical 

p e r  Qld flow may he due to trcmsient effects (either point may not be completely steady 

state). TO summarize, the test results indicate that the d i c t e d  1000% tie cum of 
figure 4 1  i s  approximately correct and thus a considerable opemting region exists between 

consemotive tie rod (loooOR) and cmsewative but arbitrary reactivity feedbock (+1,0$) 

I imitations. 

This unexplained ond a4nonncll 

The calculated steady state nozzle chomber temperatures using the nozzle compatibility 

cquatiorr ranged between 800 and 1270°R. These are corrridambly higher than the overoge 

of three nozzle chamber temperature meownmtnts. This effect is identical to EPlV results. 

Some of the care station temperatures appco' higher than would be expected with the 
corresponding nozzle chamber temperatures. This effect may be due to the inaccuracies 

of these thermocouples at relatively low temperatures. The pressure dropr are relatively 

low and show no unexpected behavior. The question of temperature asymmetries in the 

plenums is s t i l l  under investigation, and any asymmetries will be rsported in a supplement 

to this report. In general, mort pressure and temperakre instruments were qmating at 

the low end of their scale, and therefore, are subject to substantial inaccuracies in 

meourring abso1u.c values. 

5 - 9  
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Thwrnal and Fluid Flow - Carpor ison with TNT Calculatians 

fhis fect'm covers thc comporism between test results and TNT prediction calculat'lons. 

The ~bulatcd cornpaisan of thtm#l performance at three steady state points is shown on 

table 5-2, a d  a gophical canporism of selected pcrC#mame corditions is i l lustmtd on 

the I- puwer pdormmcc q, figure 5-1. The --test met# model and calculation 

pcoce&re wol used for al l  T M  comparison colculatiorrr. During the EP V test, most 

tmducem and thennocouples were operutin9 near the law d of their scale. Two 

utccptiart are the chanher presswe and tie rod tcmQcratuc mcawrcmcntr. This r c ~ w x l  is 

plobobly the mior ause fix 'naccumcies in the test rcrults, and the mo'pr rc00#1 far m y  

d'kmpmcies in the conpaism with calculated nsulis. 

The thee s t a d y  stdc points h t  wect selected for canpaism are tk maximum ad 
minimum flow conditions during corrstont 37.7 MW (thcrmol) p e r  operation (points 3 ad 4) 

and the m i m u m  v e r  point which o c c d  during the fixed control drum operation 

(point 7). Good conprism betwesn plertum tecrpcmturcs (reflector d core inlets) exist 

far points 3 ond 7 where two phase QI near two phase hydrogm d i t ' k m s  existed during 

the test. At point 3 the predicted core inlet quality is  0.47. (approximattiy, 53 prcent 

liquid by weight). This i s  the maximum cal~ulatcd liquid percentage at the core inlet during 

the EP V test. The TNT results far point 4 show considerably lower plenum tempemturer, 

although the calculation correctly predicts single phase conditicms at the core inlet. The 

T N T  calculations show considerably lower tie rod temperatures. This is identical to the 

T N T  comparisan with the high power test results. Good comparison exists for unfueled 

element station 8 temperatures. For the other stwtims the comparison is only good at a 

few points. The comparison between pressures is relatively good considerin3 that there 
trmsducers were operating at the low end of the scale. 

The low power performonce map, figure 5-1, shows a comparison of predicted tie rod 

temperature and reactivity feedbock with test results. Two experimental points with 730% 

and 83@R tie rod temperatures are compared with the predicted 100% t ie rod line. The 

compurison i s  good, and shows that the 1000°R tie rod line i s  approximately correct. The 

predicted zero and one dollar reactivity feedback l i n s  are steeper and also closer together 

11.- 
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TABLE 5-2 

EP-V LOW QOWER MAPPING TEST COMPARISON BEWE% 
TNT PREDICTIONS AND TEST DATA 

CRT T B t  T i m  

P a c r , % d l ? l D M W  
F l a ,  Ib/s+c 

Reflecta Inkt: 
-8 ' 
Quality 

Cora Inlet: 
Prcuule, p5ia 
Tanpaohre, "R 
Quality 

Pnwurc Rap,. (psi) 
Nozzle tube 
Reflector 
C a r  

Cwe Moterial Temperatures: 
Stdion 8 in. 
Stdim 29 in. 
Station 32 in. 
Station 45 in. 

Rcoctivity Feedbock - $ 

3 

19050 

1Nr T a t  

3.37 
13-47 

63 
40 

58 
47 
k17 

55 
465 
1-47 

46 
770 
255 

4.7 
2.3 
9.4 

360 
468 
674 
808 

4.88 

64 
38 

60 
47 -- 

58 
47 -- 

46.7 
800 
345 

4 
I .5 
11.0 

339 
577 
768 
91 5 

4.43 

A 

19295 

T M  T *  

3 3 i  
7.82 

53 
40 

46 
45 

0.61 

44 
51 
I .oo 

35 
1345 
607 

6.6 
I .6 
8.8 

463 
745 
1124 
1374 

-0.37 

58 
40 

49 
93 
1. 

46 
152 
1 

34.2 
I 2 7 0  
730 

9 
3 .O 
12.0 

443 
1022 
1430 
1627 

-0.59 
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7 

19625 
TNT Test 

4.7 
13.42 

76 
41 

70 
49 

0.31 

66 
48 

0.75 

n 
1086 
349 

6.1 
2.6 
11.5 

442 
640 
940 
1130 

a.37 

83 
38 

76 
49 -- 

73 
!i9 
1 

58 
1230 
560 

7.3 
2.5 
15.0 

41 1 
743 
993 
1428 

-0.05 
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than the experimental &tu would indicate. Thase TNT ruxtivity calculatiau are b e d  m 

fow sinpl i f ied eqmtiom which io& a c w  at these law power and flow operating 

condit'kms. The test point with nmximum reactivity fecdbock of 0.43 v e n t  falls 

appmxinratel, a thc 1.0$ TNT prsdicted reactivity fedW cucw. This implies thot the 

1.0s reactivity feedback cuwe should be furtkr to the ri&t on fiv 5-1. To sunnrwize, 

the conrsrvative and somewhot orbitmry law pawsr operating regom bared an test results is 

canr;dcrotly lager thm the pre=tcrt TNT colculatd mop. The primay C~QODC) is %ut the 
h t  1.0$ -tivity feedbock line is lass mstrktive than ind'koted by the pm-test pdic t 'hs.  

FIXED D U M  TEST TRANSIENT REACTOR OPERATION - THERMAL 

T h l  and Flc-id Flow - Compor i s m  of h a  With T N T  blculatiarr 

The fixed control drun test proved that -tor op.rotior? with flow ;antral i s  feasible. 

Pm-test calculations s h o w d  tho? with fixed contrsl drums on i m n  i i  h- flaw OdQ 

p i t i v e  moctivity which incremes powlar until the n-tive effect of kq-erature w i n  

cancels %e positive hydrogm e k t .  By the sane -ins a deem in flow =uses a 

dewease in power. The fixed control drum test prwd thot h i s  effect hopQmf rmoo!hly fw 

the dat ive ly  slow variotims in flow thot occurred. 

The fixed control drum test results were cor?pored with TNT calculatiom. The m-test 

reactor model and calculatim procedure was used; however, the detailed nuclear design 

mc t i v i t y  feedback calculation method was UICd in p l a e  of the four simplified equations 

used to predict the low power pedonwnce map (See figure 5-1). Figure 5-3 shows the 

averaged venturi flow, measured Linear No. 2 power, and TNT calculated power. A 

comparison between test power and flow shows hot every change in flow results in a nearly 

simultaneous power change in the same direction. In addition, the power curve shows no 

oscillations or other unexpected results. Using only the average venturi flow as input and 

the condition of fixed control drum p i t i on ,  the entire fixed control drum test was calculated 

with the TNT code. The T N T  calculated power i s  shown by the dashed line on figure 5-3. 

The calculated power shows a greater relative variation than the measured power; however, 

the response i s  also stable. The difference between test and calculated power appears to 

5 -  12 
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be due to a combination of reactor model, calculation procedure, and uncertainty of test 

datu. Figure 5-4 show tie rod and nozzle chambet tmpamtures and figure 5-5 shorn 

reactor plenum pressurn during the fixed control drum test. On both f igum the cornrparding 

test results at the three s t d y  state holds (points 6, 7 and 8) are indicated. As a result uf 

the difference between test and calculated power, the calcuiatd cuwcs only approximately 

dup!icate the test results. Add;tioncrl analysis is presently in progmss to improve the accumcy 

with which the TNT code dupikates these test results for both steady state QK( tmnsimt 

fixed control drum operution. 

NUCLEAR CONSIDERATIONS 

Delaved Critical Bank Pasition 

Measurements during EP V of the critical bank potitiar ranged between 96.0 degree 

an? 96.2 degrees. The latter value, measured at a higher power level i s  the accepted 

delayed criticai pcsition in EP V. 

During the early phases of EP V the worth of the nozzle cover was remeasured and 

found to be negligible. The removal of the cover was performad while the reactor wus 

critical (between Time CR 6208 md 6320) IO that the meorurement i s  clearly better than 

the one performed in EP 111 (resulted :r, a 0.6' effect) which took nearly 2 )loon during 

which time the reactor could easily hove undergone m e  heating by the sun. 

Feedbock Reactivity 

A comparison of the caicdatd* and meascred drum bank position during three holds 

in EP V i s  presented in table 5-3. Shown also are the nriclearly sigrificont parameters upan 

which the reactivity calculation i s  based. These points are plotted in figure 5-6 which 

also shows the power, flow a d  (ccaured drum position throughout the test profile. 

The agreement betwem the measumi and calculated drum motion i s  excellent, 

providing additional evidence of the validity of the temperature coefficients and the 

hydrogen worth coefficients in the low power range. A correction of 10 percent in the 
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C H A P T E R  6 

R E V I E W  OF N U C  L E A R 

WAN 1 - M R -  199 

D A T A  

A centml pohn w i e  a m y  with =veri w i m  per fuel ekmmt in 19 clusters was povided 

to c ~ k ~  final wive wi-1 t)lm~gh the nOu!a1 nis a m y  h ~ d  been caieulattd io v i d e  

at kast 20s shutdown even if the corrtrol dnrnrr were inodvcrttntly moved outward to 180 

dtgccs. 
of the dditbml(796 - 326 = ) 462 wires represents h e  shutdown -in cvoiloble in M X -  

A2, appmximody 3% If the W - A 2  reactivity hod not been onrpcdictcd by 0.SS this 

margin would have been &2% 

2 Since criticality Y as a t t o i d  at 180 depes with 336- wires remaining, he 

CONTROL WORTH 

The a h w e d  critical dnrrn bmk position during the -!I to criticality ad r)H uti 
d ifkenti01 worth -on control &AI Na 2boh confirm the control span 

of the NRX-M reactor to k within Ifw predicted 9.0s + - 0.4s qat. The NRX-A2 apQlwch 
to criticality vie& o third drmot' lon. The NRX-A2 drum W0c))I fiam %.6 to 1729 depes 

WoIlmoSwed to k cqvivoknt to 3 3  poison wires. In order to rebte * i s  to o reochvity,thir 

336 wire dmion 

worth 3.851 The NRX-A2 predicted dnm wocth of 4WS, for thc 90.6 -1729 degrees 

reprodud in the PAX-B rcoc1# d W A N E F a d  was M to be 

interval was in excelknt a v n t .  

CRITICALITY M€ASUREMENTS 

Pretest Conditions - 
Sunmatked in table 6 1  are the dsloyed critical control drun bonk 

1 WANL-TME-840, Reactor Analysis &io bok, p E-29. 
2 WANL-TME-761, NRX-A2 Safety Evclluotion Report, Supplement 1, 

22 July 1964 
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in all the EP’ s ad discussad in other sectians of h i s  report. Ab can be sctn, all  of tht 
pew critical positions show welknt consi*ncy. AS a best value a critical q k  of 

97.0 + - 0.5 depes  may bc selected for the -tor in the operating oocrfigumtion. The 

predicted position of 91 degrees implies an ovemtimott in reactivity of 0.3s Thc re~oon 

for this error is not known; an error of this wit& could orire frwn nororobk difftrerracf 

in the non-deztructive doto for the PAX and NRX-A2 bl*, as for exanpk 2 percent in 

umiun. 

1 

An martainty has not been to tht# meammnmts kcoupc genmrlly the pori- 

tiom tabulated were re- in several successive rnasuements and art amequmtly mll 

substmtiated** Thc small difkrcnccr thot occurred from test to test (excluding EP V) are 

pporently not the result of mndom mcatrrrcment error but represent small changes in the 

rtoctw. C h v  in the data aoquisitiorr system or in the moisture content of the 
two possibilities, 

are 

Weother conditions duing thc test scries have becn studied in &tail and apecor to hove 

been bir ly unifi;onn kreover as mentioned pe..iarlrly, the reactor i td f  is mther inrcntitivc 

to omall d i k n c e s  in tempuahue, if the cocc ond reflector are at the sane kmpemhm. 

fhc dnrm bonk differences are omall Mough howev r to have resulted from minor ncnonifwm- 

ities, such os warning of the k r y l l i m  refkctor by the sun, which would not necessarily be 

S C C ~  on thc Quick Look tht:nb-Jcouple =!:anriels 

Material b in EP IV 

Shown in tabk 6-1 are two conflicting mcorurcments of the critical position following 

EP IV. The shift in the critical bank position i s  between 1 degree and 26 degrees of drum 

motion depending upon the value tukcn. 

1 

** An exception is he value for EP 18. 

WANL-ME-887, - NRX-A2 Test ?dict ion Report 
This dota was the hasir kv the shimming of the NRX-A2 
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TABLE 6 1  

SUMMARY OF CRITKAL CONTROL DRUM BANK POSlTlGNS 

WAN L-TNR-199 

Girical Bank Posit'mdcgccs 

PrC-rcrt POSt-ttSt 

IA 94Pl  -I- 

-- IB 97.0 

2 IV 97.5 

4 
V 942  97.0 

1. This value results from corrections to the mcarurtd 98.6 degrees in ordcr to take 
accourt of differences between the phyrical rcoctw configuration in EP IA 
and the other tests. 

The measured vale wus 97.6 degrees. Temperature correction reduced h i s  by 

The meosued values here were 101.8 and 99.6 de- at 500 kw and 1OC kw 
power, respect' Y - 
lhe mtQsurcd wlve was 97.6 degrees. Comction for ekvoted temperature 
reduced this to 97.0 ckpes. 

2 

3. 

4. 

0.1 degreesm 

Tei. ?emture conc=tions produce he values listed. 



Coreful mi&ing of about -r)o fuel elements indicated an average loss ofabc t i t  one 

gmn. h i n g  this to be carbon lon from the bores, the reactivity losr i s  equivalent to 

about 1 &gme of drum motion. A l w  this data tends to confirm the 99.6 dcgrees measure- 

ment (comcted to 98.6 degrees at ambient conditions) the higher value was obtained c. 500 kw 

versus 100 kw for he 99.6 degrees measurement, and may be more accuratc as it should he less 

afkcted by he photoneutron source in thc outer reflector. Although the reported tempemtunr 

fbr the two measurements are essentially the sane, it is possible that the octwl  conditions 

mrc d i h n t .  

Qspending upon which of he EP IV post test measucements is adopted, an apparent 

reactivity goin equiwknt to 2 to 4 &grees occurred from EP N to EP V. hi& fmm error 

in rhe doto system the modt likely hypothesis is that thc reactivity gain resulted frwn mishe 

pickup either from the purge gas passing through the reactor between these two tests or atmos- 

pheric humidity.* The mectmnism mi&t be odrorpcion of wotcr onto the graphite s h e s  or 

hydrolysis - the reoction of mter  vapor nith uranium. The latter voces i s  possible if fuel 

ttl..+mtues duing EP N were hi& emu& to have c a d  migration of the umnium through 

the pyrolytic cabon ;bel bead caatkg.** Whether, or to what extent, migmtion occurred 

in NRX-A2 w i l l  be determined by presently metallographic work being conducted 

h n n t  Reuctivitv Lws in EP V 

A small change in the pre-test and post-test critical positions was experienced in EP V. 

The magnitude of he diffennc (0.8 & p e  o h r  temperature correction) is small and may 

have resulted from one of several causes (for example): 

* 

** 

- -  

Due tc gm shortages, the purge system did not operate for o period of several 4 y s  ohtr 
EP W. The relolive humidit./ during this time varied daily (typically) between 25 and 
39 percent with an overage at about 30 percent. 
This effect has been discussed in WANL-TME-761, Supplement 4. In this pre-test docu- 
ment, an estimate ot 3U# reactivity pickup i s  mode for operation at extreme condit;ons. 

6 - 4  
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1) 

2) rncertointy in the temperature 

3) 

the method by which the ternparatwe correction WQI mode 

a small amount of adsorbed h y d v  driven off during the test 

This effect is related to some of the problem d i s c 4  above and resolution may C G ~ C  

when moe is  learned about these other problem. 

Accuracy of Critical Bonk Mearunnents 

1 The &solute accuracy of the digital printout device i s  quoted at + - 0.5 degree. Oata on 

the true pmition of the control drum plates presented in  the 3 doy report on EP IA (NTO-R- 

oocll) ond later refuted in NTO-R-0008 indicates the umertaint in the absolute position 

of Ihe vanes. It is not known but most probably is in the range of 0.5 to 1 degree. Knowlcdgc 

of the true position of the control plate is  impartart to an derstancrmg cf fission measure- 

ments and accurate shimming of f v t ~ r ~  reacton. h i s  not as important to the anaijsis presented 

in h i s  report because drum position differences are generally used. The dominant factor 

under these coditions i s  the resolution of the mewring device. Since the digital drum print- 

out machine prints only angular positions to even tenths, the resolution i s  - + 0.1 degree. In 

any difference between drum pasitions the uncertainty w i l l  be + - 0.16 d e g r e e  to 95 percent 

COnfidcnCC. 

Operating Reactivity Changes 

The predicted reactivity swing from ambient to 100 percent power a d  flow conditions 

was -0.52$ or 6.6 degrees drum withdrawal. The &served differenrt :rqs (103 - 97 = ) 6 

degrees, of wtrich 1 to 2.6 degrees represents the reactivity reloted to ;naterial loss. A 

number of uncertainties particularly in h e  quantity and worth of hydrogen adsorbed in the 

fuel have been identified, so that the agreement i s  in part believed to he ftrtuitour 

1 NTO-R-0008 

6 - 5  
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HYOROGEN WORTH 

Considerable data relating to hydropn worth has been acquired during the NRX-A2 test 

progmm. While a better understanding iq certain areas has nwlted, there remain some 

unresolved problem From the rtclndpoint of hydrogen worth measurement, the EP IB GH2 

test WQI the most valuable. Thi: test indicated that the anaiyrically determined core hydrogen 

-0 

10 percent. This conclusion confirmed earlier PAX measurements on the wocth of hydrogen 

contained in polyethylene that showed a 5 to 10 percent difference compand to calculations. 

Additional evidence supporting h i s  result was obbintd in EP V. The hydrogen worth inferred 

from EP N i s  not conclusive, but is not in clear disagreement. The time dependent error 

in the calculated EP IV kedbcck reactivity seems to be related to a hydrogen effkct, possibly 

the so called diffused hydrogen. 

ified by 6.8O$/k9 for a miform distribution, overestimated the true worth by about 

EP IS a b  established that t. z apparent core pressurization effect i s  +ly small. 

Noted in the initial portion of the EP IB GH2 run, the magnitude of the effect was suspcted 

to be wDrt)l 25  degrees of drum motion. Analysis showed that the effect i s  pmbably less 

thm a5 d.?pe. 

TEMPERATURE COEFFICIENT 

The temperature weffic snts were substantiated in EP II, EP 111, EP V and at end of l i fe 

in EP N. No clear disagreement was dcmonstmted by any of the anaiyzed data. However, 

the excellent agreement in the low power h t i n g  contmted to the erron in calculations in 

the early portions of EP N high power testing, indicate that while the total reactivity feed- 

bock effect has been well  predicted, the analytical model may need added sophistication. 

The effect, for example, of the radial and axial temperature distribution, not specifically 

a parameter in the reactivity feedhck calculations, may ult imtely explain some of the 

unresolved problems. 
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NUCLEAR PROBLEM AREAS 

AMIlysis of NRX-A2 )est doto hus resulted in identification of certain key amlvtical 

p o b l e m  otc01, Recognizing thot the success of future testing w i l l  be contingent in  part on a 

better understanding of these problems, effort. hove been made to isolate them and initiate 

work toward their soiution. The listing below contains both priority i tem (P) and h of 

secondary importance. 

Magnitude and Time Dependence of tht D i m  Hyhgen Effect 

E k t  of Pressure Surges an Reactivity 

Reactivib Effect of Variw Radial and Axial Temperature Distributions 

Mode of Core Expansim 

Purge Gor Moisture Retenth- in tht Reader Core &fore and A b r  Power Teting 

Meaning of Post Test Criticality Measuremnts (Efiects of Photoncutroo Source) 

Beryllium Reflector Temperature EfFect on Reactivity 

6 - 7  
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C H A P T E R  7 

R E V I E W  O F  T J f E R M A L  D A T A  

PERFOWANC E 

EP IV Test 

The reactor succafully wos svbjected to severe operating conditions du;i?s +he -:orrup, 

shutdown, and at steady :hte 0pera;iOn during EP IV. Maximum n o d 2  c! tmbw temp-ature 

rate of change was +125 R/'sec during startup and -3.50 R/sec during shutc-*-n. Extreme 

operating conditions during tb test series were listed in tuble 4-3. 

couples did not indicate overage chamber temperature, therefore it war cdculoted from flow 

and chomber pressure using the chokcc nozzle relation. i2,octor themal power was calculated 

from on energy ba!ance using these nozzle chamber temperatrires. At the 40'second maximum 

reactor power hold these valr*es were 75.6 - + 1.5' Ib/sec LH2 flow, 3815" - +215OR nozzle 

chamber temperature and 1096 - +50 mw total thermal power. 

0 0 

Nozzle chamber thermo- 

The reactor power given above was confirmed within the calculated accuracy by rcbbif- 

measured power, and lintar neutronic channel nw-ber 2 power. The peak ;ewer level was 

also indirectly confirmed by comparable quantities of total energy reteose furing the test wries 

obtained from integrated thermal power and from pw+o.serative rcdiochcmistry. Maximum 

rector p e r  implied from cor? thermal cayrule material temperature measurements ogmr 

within the accuracy of the rreasurements, hwevrr, this comparison i s  nc. compietely sc'isiying 

becguse core temperatures imply a power level 5 percent higher !hm lCQ6 MW. +* 
release during EP IV was 3.41 x 10 

test, while total energy reiease was 3.81 x 10 

** A refinement In the temperature calcu!ation model at 'he sensor location ! d z  t9 better 

Total energy 

watt-seconds, 0:- crn average d 813 MW over the 7 minuie 
11 

1: 
watt-si?conds for the test series. 

A l l  occumcies given in this section arc 20 (95 percr. confidence) range. 

agredment be'woen ctrleulatsd slid measured core temperatures. This w i l l  be c * d  $shed 

in TNR-199, Supplement 1. 
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EP V Tcrt 

The reocior wos -rated fbr F i m a t e l y  20 mi- with 5 to 13 Ib/rtc W2 flow, 

21 to S M W  rtactorpowar, ondo mtrk chankr )cmpmturc of upto 1300%. The obi=- 

ti- d the test were a d r i d  A comidtmbk por'ion ofthe test was performed with trro 

phaK conditions in the refkctor region ad at the e r e  inkt. Campor'roorr of the mcasurtd 

dots with TNT calculattd conditiom was d l -  considering Ihc inoccrmcy of the test 

results caused by h e  foct k t  most tFomduan -re operating near thc low end of their 

CORE 

Care Moterial Tempemtmr 

Stot i i  32 t)nnnocorrples indicated tempemhrns up to lZOOoR kss &on COR material 

kmpemturcs because of lost putting #wnpound and b w  flow through the thcrmocoupk kad 

channel. The k r t  indicatim of mximum core temperatures MER obtained fmm the thermal 

capurks hated in thc central e lemis  which indicated tcrnpmtwes f r ~ m  4000% to -OR 

at station 45. A multiple sim fit of thc them1 c q d c  dah war performed in order to 

correlate the temperatures with COR d im This data fit shows that the onmgc temperatwe 

7 - 2  



Calculated core prcrurre drop wos about 5 percent iawer than -red core pressure drop. 

This m y  be due to a c h a r s  in flow impcdoncc during the test. Core pressure drop colculated 

using the results of past-opemtive fuel elements i s  to be c o m p o d  with measured con AP. 

- ~~ 

Central region of the core is defined o-i all clrnten except the J row. 
* 

WANL-TNR-199 Suppltment 1, I 
to bc published 

7 - 3  
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RERECTOR, SHIELD AND LATERAL S-1 

The porntpicked up in the recfkctor~)rdcm warcaicubtcd fmm meosud LHpflowmtc 
and nroantd tenpHdua at rhc Cour pawer holds, A linear ~vc~ogc  of this alculahd power 

ut ihc iwr hokk WOS (215 + - Q18)pced d tor01 m a t a  ihemml power, whik o o k u ~  

nuckar heating rates givc a nfkctor pamr equal bo 1.76 

cornpaison dthcse MI- i n d i c d t s t h o t t h e  mtQIurcd reflector heating rate rrorobout 20 

percent hightr thon thc crrlculotcd heoting rote but was within h e  ermr 

lated rate. This mcarurment v i d e s  more accuote refkctor heoting than wos pcviocrrly 

uvai loble. 

+Q6 pcrrmt of reocbr power. A 

of he calcu- 

COmpaism~ of marurnf conditions and pretest colculottd d : t i o n s  were not meaning- 

ful because (a) the test WOI considerably diffcncnt than pland;  (b) n o u k  tutit exit 

ttmpcmtuc (refkctor ink l )  was higher than pretest coIculat'lons indicatd; (c) thc support 

ring tcmpcmhrrc~, which &et the imcroutcr reflector gop size and themby overnil 

refkctor impdmce, were lower thon had been expected; ad (id) refkctor Wing rote 

was high, us mentioned h. On the boskofthe meomred tcstpowcrond flow rate, 

measured reflector i n k t  temperohre, measwed reflector heating rate (at the maximum power 

hold) and measwed ruppat ring hpemhrre# the refkctor, shield and bteml support system 

conditions -re calculated at the highest p e r  hold The calculated pfe8%ms# fluid tcnp- 

emtuns and material temperatures were compared to measured values in oder to confirm 

the calculational method and to discover any anomalies in operation of these components 

7 - 4  
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during the test. Gcrmally there was d k  ognecrmt h e w  the mumaed awl calcrr 
bid ~luer ltma of interest &id from this C O l n e J r i ~ ~ l  QI l i d  k b w .  

1) All calculated p s w e s  including the h l  rrrpport pcrw~c dirtriMim wwe in 

g o d  agcmrrrt with mawmnents. 

2) All cakubtd pIcmm fluid ttnpcrohrn concurred wll w i h  lllcoIuccd hapmhms  

Single t)mmocarpk bmpmtue indiwh'onr fa the h y b g m  exiting fiun individual +or 

rcfkctor coolant  omr raga were in d i e  ogccmsnt with cnkulat i i  comidcrimg that 

thc nwonrrtmnts do not repcomt the oytro~c d o l l  s i m i k  chaneh 

3) Latcml rrrrUr)seol d a n k r f l u i d  t ewpmhn  abwt800% larrrr 

mguclrrrr is  in thc h l  arppat m g b  hem caltubed. Reviewing bo& o h r  

mndthc thcrmocarplt instalbtion ieodsto he conclusim that these thtmmmqkr mm 
likely indicating im refkctor motwial tcnrpmhrrt, d h e r  3#, the O V C ~ O ~ C  ocol fluid 

te-0 

4) Wi! nwaar~nrntz in the shieid, tupport p k ,  filkr strips, irmr 

rekc-, outer refkctor, control dmm, d bora1 vane were all adtquakly close to calcu- 

W MI- k v e r ,  the gaphitt innr refled# rnatwiol w m t u e s  i d  with 

timthroclghoutihetest, tvenotthtscrodystatehokk Thisinceisbt i ievedtokduc 

to a kmase  m gmphite i h e r m o l 4 c t i u i t y  with idiotion, ohhou& utprinrrtol- 

on the effect of irradiation on H4lM M i t e  conductivity is  not presently oMiIQbk. 

5) Temperwture synunetry was evicknt at rtcody stote 0pat-m during EP N in reflector 

inkt, reflector outkt, Qmc end, a d  core inkt  pknunu k i n g  EP V azimuth tecrpcmtuc 

orymmtries are evident. These usymmctrics ond heir cause orc k i n g  rudied in &toil. 

NOZZLE 

Thc nozzle tube inlet -re and pestme drop calculated with the T M  k t w  Modcl 

agreed well with test mtosurements. Howevcr, heat pickup of the nozzle coolont ww about 

30 percent greater than calculattd 

7 - 5  
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DOS I M E T RY 

EXPERIMENTAL PROGRAM 

An o<pcrimenbl mdiaticm mtaSWcmcnt progan was corricd art in conjunct'm with tk 
NRX-A2 reactor tests. Radiat'm measurements were made during tk calibmticn cLn (EP II), 

and high power nm (EP IV), md t k  =tort run (EP V). Many dosimten were otpascd 

during both the EP IV md EP V runs. Mcowramnts are necessary to walwte  properly 

such ospccts of the mdiation environment as the distribution of tk Idcoge mdiaticm from 

the nactol, tk vaiation of tk radiotion with dbtarce, ad the envimnmcnkl pertubt'rons 

such o the test cell wall, privy roof, and instrumentutim ladder. The chief imprtmce of 

the experimental p o g o m  is  to verify the analytical tcctmiqJes used to predict the rodiotiar 

Cnvimmcnt during t k  reactor tests, to pavide confidence in thcir application to nuclear 

rocket flight testing, and to delineate areas wherein the analytical teclmigucr are inadequate. 

In these latier areas, tk measurements may provide a hasis for future prcdictiars. 

Approximately 1900 radiation measurements were mode during the NRX-A2 tests. This 

number includes the fission foils, gold foils, sulfur pellets, and gamma dosimeters prov'lded 

by t)n! Lor Alcmos Scientific Labomtory and referred to in t h i s  report of LASL data. 

It i s  not the purpose of this section to tabulate, interpret, oc ascertain the validity of 

a l l  the NRX-A2 radiation tneasurements, nor to describe experimental techniques. Rather, 
1 the intent is to compare available measurements with the analytical doto. A sepomte report, 

published by WANEf, i s  being issued which describes the experiments in detail. The validity 

'WAN[-TME-1081, NRX-A2 hsimctry Meorurements, Westinghouse Electric Corporation, 
~tronucleor Experimental Facility, March, 1965 -- a- . -.. a -- 
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of measurements wil l  bc discussed only to the extent n-ry to establish ogremart or 

di-t with calculated dab. 

oofimetry employed in the NRX-A2 tests was of the passive or in-! t y p  fmm which 

wol obtoined total exposwe doses and fluxes fa the various reactor runs. ln&pendenr 

dctenninatian of the toto1 pwer m t e d  in thwt nms was ~cessory in order to provide 

a h i s  fa direct comparison of the radiation mtosurements mode in m e  M with thoK mode 
1 

in orother. The in- power levels (refer to chopter 111 of this report) used to Mwmalize 

the radiation &to to a ore watt power level am o f o l l ~ ~ ~ :  

Reactor Run 

E? I I  

E? IV 

Watt-Seconds 

7.05 x 10 

3.46x 10 

6 

I 1  

IO EP v 4.54x 10 

Five types of prima dosimeters were used. M0.v emphasis was placed on silver meto- 

phapate glass rods, &It borosilicate gloa plates, and f i lm dosimeteo. Bismuth gloss and 

lithium fluoride thermoluminescent detectas were used at several locat'kns. The combination 

of these detectors coveted a  omm ma dose range of 0.01 to 10 roentgens. 
6 

A threshold and resonance neutron detector system was used to make neutron flux 

measurements in the fust md resonance energy mge. capper, cotidt# and *Id were 

exposed with and without cadmium ccwers to obtain neutron fluxes in the thcrwml ond 

resanance energy ranges. A fission foil neutron detection +stem used extensively by l.06 

Alamor Scientific Laboratory in the KIWI series of reactor tests provided a means of measuring 

the fast mutror! flux in three b r d  energy bonds, i. e., 0.004 MeV to 0.75 MeV, 0.75 Mev 

to 1.5 Mev, and 1.5 Mev to 2.- Mcv. Sulfur pellets ard nickel foils were used to measure 

the neutron flux with energies greater than 2.9 MeV*. Fast neutron rod doses were determined 

1WANL-TML-i081, NRX-A2 h ime t ry  Measurements, Westinghouse Electric Corporation, 
Attronuclear Experimental Facility, March, 1965 

*LASL reports the sulfur threshold as 2.5 MeV, whereas WANL uses a 2.9 MeV threshold 
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neutron spectra for energies greater than 0.004 Mcv. 

applying conversion factors obtained by fint collision tw to the mcaulrd 

h ime te r  positions d implementation which yielded u~hl dab are identified in 

table 8-1. The NRX-A2 dorimetry program includtd a somewhat more extensive implementation 

ttum i s  presented in table 8-1. However, not all of the instnwmtted locations yielded 

0deq.wte doto for reducthn and analysis for Ocveml cwIsocIs: 

1) All aluminum, mgnerium, and nickel dorimeters on EP II received insufficient 

i d i a t i c m  for counting purposes because of the unexpected low EP II power level, and 

hence, low d i a t i o n  leakage. 

2) Al l  dosimetry on the pressure vessel bands an the high power run were lost because 

of band failure. 

3) Gamma dosimeters on the meridian old equatorial ring were physically damaged due 

to flare heating on the high power run. 

4) Some of the gamma dosimeters on the trolley line were lost because the coloration 

used for analysis was annealed oJt due to flare heating during the EP Iv run. 

5) Some cadmium covers and ammonium sulfate pellets melted on t)le meridia, ring at 

locations within the area of the fire o:i the pressure vessel forward flange. 

The first criticality test, EP II, was a reactor calibration run in which the reactor power 

level was held cor 20 minutes at a low level (6.66 kw). Because of this low power level, 

dosimeters could be placed close to the reactor. Dosimetry placement on the vessel surface, 

and on the meridian and equatorial rings i s  shown in the photograph in figure 8-1. By means 

of the axial and circumferential dosimeter placement on the vessel surface, and the meridian 

and equatorial ring dosimetry, i t  i s  possible to study the polar, azimuthal, and axial distri- 

bution of radiation leaking from the vessel. 

Circumferential placement on the vessel surface consisted of eleven positions at station 

26 between Reactor 8 = .*42 degrees and Reactor 8 = 72 degrees as is  shown in figure E-2. 

Reactor stations are distances in inches from the dome end of the core. Station 26 i s  at the 
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core midplane, and station 52 at the nozzle end of the core. Reactor 8 i s  the cGi2 azimuthul 

angle, defined such that Reactor 8 = 0 degees is located 120 degrees from the normal to 

the test cell wall (covnter clockwise, looking toward dome). Ax;.' placement on the vessel 

surface consisted of eleven positions at Reactor 0 = 48.5 degrees between station 0 and 

station 52 as i s  shown in figure 8-3. 

Also, gold, copper and cobalt wires were used on the vessel surface. 

The meridian ring held a total of twelve dosimeter stations on a 5 foot arc centered on the 

geometrical center of the reactor core as i s  shown in figure 8-3. The meridian ring was located 

at  Reactor 0 = 30 degrtzs. 

The equatorial ring was affixed at right angles to the meridian ring at station 26. This 

ring held thirteen dosimeter stations. The first or farthest from the test cell wall, was located 

at a Reactor 8 = 345 degrees. Stations were then implemented from 0 degrees to 50 degrees 

in 5 degree intervals. Stations were implemented at 60 and 75 degrees also. Al l  s ta t i ons  

on this ring were located 5 feet from the core center. Equatorial ring dosimeter placement 

i s  shown in figure 8-4. 

Other locations instrumented for EP li were the propellant feedline, instrumentation 

ladder, test cell wall, test cor, privy roof top, and trolley line. 

Measurements during the nigh power run EP IV were obtained,in general, at greater 

distances from the reactor than during the ca,ibration run. The radial distribution of the 

radiation field was studied wi th  dosimeters loccted at 12, 27.5, and 35 feet from *he reactor 

(on poles) and from 62 to 2700 feet from the reactor on the trolley linc:. These dcsimeters, 

together with the EP II dosimeter on the surface of the reactor and the equatorial ring 

dosimeters, provided a means for determicing the radial distribution from the vessel sirface 

to 2700 feet from the reactor. The trolley line was positioned at Reactor 8 = 345 degrees. 

There are no data from EP 1V for the vessel surface duo to the loss of the Lands. Hovtever, 

some measurements were obtained at most of the other locations during the high power run 

(See table 8-1). Many dosimeters were left in place during both the EP IV  and EP V runs. 

During EP V, the restart run, several locoiions on the troliey line were instrumented. 
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ANALYTICAL METHODS 

SURFACE OF THE PRESSURE VESSEL 

Gamma my dose rctes at the prcrsurc vessel surfoct were predicted by combining datu from 
5 

Monte Calo Qrosmm 18-0 and point kernel 3mgmm 1 4 4  - Monte Carlo Program 18-0 calculated 

t!?e energy bid in regiurs describing the pressure vessel m the axial direction. Point 

kernel Progran 14-0 was used to obtain tht d i a l  d i s t r i h t i a r  of the  omm ma mys. the 

Monte Calo energy deporition doto were converted from watts i;cr gom-carban to mds- 

carbon per b r  by the exact relatiatship: 3.6 x 10 mQ per hour = me watt per gmm. 

Since the pressure ressel does not contoin carbon, the calculated value of watts per gmn- 

carbon wos djusted hy applying the ratio of  ammo my heating in carbon to thot for 

al;nninum. 

2 

Thc technig;re described above was time consuming and somewhat involved, and of 

course, requid r m y  assumptions. To improve calculation of gamma my surface dose 

'WANL-TNR-128, Vol. !I, Reactor Analysis of NRX-A, Radiation Analysis, Westinghouse 

2WANL-lMF -941, Progress on an Automated Radiation Analysis Picgm, Westinghouse 

Eiectric Ccrporation, Astronucleor Laboratory, Radiation and Shielding Group, September, 1963 

Electric Corpomtion, Astronuclear Laboratory, H. C. Woodsum, August, 1964 

3WANL-TNR-165, Radiation Analysis of NRX-A2 by Various Methals, Westinghause 
Electric Corpomtion, Artramclear Loborotory, M. A. Capo, December,1964 

4GEMP-102, Specialized Reactor Shield Monte Carlo Progmm 18-0, General Electric Co., 

5XDC-59-2-16, Shielding Computer Program 14-0 and 14-1 Reactor Shield Analysis, 

NMPO, J. E. Macha ld ,  et al., October, 1961 

Gcncml Electric Co., ANPD, W. E. Edwards, et ai., Jmwry, 1959 
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mta, tht ETA (EKO~C - - -  rape ~naiyrer) cow1 was mitten in ~ortnm. n.5 c ~ d e  ano~yzes tht 
Mark Cor01 Progum 18-0 escape topes ad calculates the energy escaping t'e &e of 

the reace system, as well  01 the dose, flux, or heating mte on the h e  of the rccctor 

assembly. Results of the init;*.I 3pplic*r,ion of the H A  cock indicate k t  this ttchrtique is 

mocc accumte and reliable m p-cdicting wrfoce dose rates thar the prcviarsl*~  sed method. 

0 - 
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MERID'AN RING AND UDIAL TRAVERSE 

Point kemel progwn 1 4 4  wcs ustd exclusively to predict gommo my dose mtcr at 

dorimehtr iocations on tht meridian ring OS a furctiorr of dk! distonce b the r-tor. 

Thirteen gommo my source energ- groups were employed in this analysis. Source strengths 

d  omm ma mp due to net. , lr~n capture and inelastic scattering in mottrials inside the pressure 

vessel were obtained from the HIC-I 4 NORMALIZER coku. ',283 T h e r ~ c o d c s  
A 

employed 50 goup neutron fluxes from the one-dimensiorml diffusion code PlMG tc caIc~.hte 

appopriate wmma my react;on mtes which were n o i i l i r e d  to the two-dimensiarcll, four 

m p  dS-+z-. -A, LUKE, doto. The predicted gomo ray dase mtes in thi: -& 

include, therefore, not o n l y  primary gomm rays from the -tor, hrt all  known sources of 

stcondory p r m o  mys born outside the core, within the pressure vessel. T!roughout this 

m l y r i s ,  infinite media water bui!dup factors were employ4 in the point kemel code. 

IWANL-TME-941, Pmgres~ cn on Automated Radiation Analysis Progrunt, Westinghouse 
Electric Corpomtion, Astrardear 'sabarotory, H. c. Woodsum, August, 1964 

2WANL-TNR-:28, Vol. II, R e a c t o r  Analysis of NRX-A, Rodiatiar Analysis, Westinghouse 
Electric Corpomtion, ,Qstronucleor Lobomtory, Radiotion and Shielding Group, Sept., 1963 

%AN-TNR- 165, Rod3ation Analysis of NRX-A2 by Variws Methods, Westinghouse 
Electric Corporation, ktrcmuclear Lobomtory, M. A. Cop,  December, 1964 

%.4PD-TM-135, PIMG-'. One-Dimensional Multigroup P I  Code for the IBM 704, 
~ ~~ 

Westinghouse Electric Corporation, BAPD, H. bhl, Jr., et at., July, 1959 

Electric Corporation, ANPD, F. M. frontham, Jr., August, 1963 
SAPEX-452, CURE - A Two-Space Dimension, Mult;group Code for the IBM-704, General 
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The +et hiquc ecrpioyed to calculate the contribution due to air scattering of  amm ma rays 
1 k b m  .cKumcnted. 

ELUN THE PUlW ROOF 

holysir of the mdiotion enviruwnent is extrunely difficult in physical sunwndings 

w c l i  QI ex: .t under the privy roof, because of the additiaml sources of radiation which must 

br? cor\ri& Cd, mch OS WdI Cap- Qmmo Coy$, F i V y  Id -8 and Qomma 

mdi-d'm stuttered from the wall. The methods mployed to calculate the gonma roy 

r o d i o t h  at locations unjtr the privy roof are not part of tht standard hip ~cthodrl' 2, 3 

(except fa the direct beom dose contrihutionr). Hence, these methods wi l l  be described 

here in stme detail. 

R' ry Rcof Capture Gamma Rays 

4 
An axial. me dimensional, eighteen p u p  tmnqort code, DTK, was run to calculate 

neutron fluxes as a function of centerline pasition in the privy roof. In the DTK calculatiats 

tk roof wos ploced 36jacont to the pressure vessel to avoid the problem of accounting for the 
d i a l  leakage in the void region which exists between the Vessel surface and the top of the 

roof. Core geometrical buckling was useid for all regions in the DTK to account for d i a l  

leakage. The capture mtes at selected axial positions, Z', in the roof were calculated in 

the usual m n e r  as follows: 

- 

'WANL-Tr 'R-128, Vol I I ,  Reactor Analpis of NU-A, Rodiation Analysis, Westinghouse 

%Vi YL-TME-*NI, Progfru on an Automated Radiation Analysis Progmm, Westinghouse 

Electri - Corporation, Artrmucleor Labomtory, Radiation and Shielding Group, kpt., 1963 

Electric Corporation, Astmuclear Laboratory, H. C. Woodsvm, August, 1964 

%VANL-TNR :.6-, Radiation Analysis of NRX-A2 by Various Methods, Westinghouse 
Eleckic Corpxation, Artmuclear Laboratory, M. A. Capo, December, 1964 

4 
llo,vJblished, Las Alamos Scientific Laboratory 
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W h t n  

Oi * DTK neutron flux for ih neutron energy p u p  

eoim = Micracopic absorption cross section for I energry group 
.th 

for material m (DTK cross Kctiom) 

Nm = Atom k i t y  for material, m 

3 Absaption/cm -HC f a  material, m, a t  axiol DTK 
location Z' 

Cant 

Since h e  roof was located odjacmt to the preoun vessel in the DTK code, o furt& 

adjustment of the absorption rates was neccrsary as follows: 
I 

whem 
2' = Axial dismnce from tht DTK mesh point to t)n cent= 

of the core, cm 

Actual distance fran the point in qwtim to the center 
of the core, cm 

z 

( $.I2 = Dirmnce correction (WWI "inverse R2" conction) 

= 
8 

t Abaorpimn rote at locations, Z, for each mtmial, m Cmz 
The values of Cmz, the absorption rota, were used as the axial distribution of the 

gamma my sources in point kernel program 14-0 to calculate the dose mte from the roof. 

The d i a l  distribution of the gamma ray sources was assumed to follow the shape of the fast 

neutron flux incident on the roof. Source energy spectra for each material, m, were 

o btoined . l8 

was consider4 to be a right circular cylindrical source wi th  a radius of 160.5 cm. This 

radius was selected to preserve the surface area of the roof. Al l  moteriai layers in the roof 

Since Program 14-0 applies m l y  to cylindrical source geometries, the roof 

'ORNL-2904, A Compilation of Information on Gamma Ray Speatra Resulting from Thermal 
Neutron Capture, E. Troubetrkoy and H. Goldstein, Oak Rrdge National Laboratory, 1961 

*APEX-407, Gamma Ray Energy Spectra from Thermal Neutron Capture, F. E. DeLoume, 
General Electric Co., ANPD, August, 1958 
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Normal To Wall -- 

Incident &an 

* 
Concrete Wall 

(such os the aluminum and water) were described in the point kernel code -try in QI 

effat to pnrrve os closely as possible the attenuation characteristics of thc roof. 

Wall Capture Gommo Rays 

Calculation of the gmma dose rate at the detector resulting from neutron capture in 

cell wall was bo#d on the following ammptionr: 

Remaval of a fort n e u b  results in the immediate generation a d  capture of a 

neb-. 

Thmnal neutrons incident on the wall are captured at the concrete sufacc. 

Each captue results in tire generution of a 6 Mev +tar emitted irohopically. 

The effect of distonce attenuation within the wail may be neglected in the cast 

1 

of the incident beam. 

5) The photons on gcrmotcd a distarce of l/p in the wall for purposes of computing thc 
2 

inverse R effect of distonce between source and detector point. 

The derivation of tk equations used in this calculatiorwrl model i s  shown below: 

of 
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The incident fat neutron beam i s  attenuated in the test cell wall os a function of the 
dart pmetmticm distance p1 8 1.e.: 

Wherc  
S ( p l  1 = fast neutron flux at PI 

so * fort neutron flux at he rurfoce 

& * Removal cross section 

The number of neutrons removed in the element of path lcrrgth dol is: 

From assumption (1) and (3). the isotrooic emision mte at p1 in the inteMIl do is: 

6S0 &c-'rPI dpl mev/cm~-setc. 

The pbtar hean directed toword the receiver point is attenuated as a function of t k  s lant  

pmetratiar of the emergent beam, The photon flux, lo, at the wall d a c e  i s  therefore: 

(8-4) dlo = 6S0&s-zrPI e'P& d P  I 

4 V Z 2  
The above expression m y  be written in t e r n  of a normal penetmtion, r, the incident 

onglc €lo, QKf the mewgent angle 8 because: 

PI  = r sec 80 

dpl = scc e o d r  
hence: 

2 
4 f P *  

In order to slrnplify the integration, it i s  assumed for distance attenuation purpaes that 

a l l  of the y n m o s  are generated one relaxation length from the surface along the s lant  

path o2 ; then the photon beam directed toword the receiver point due to photons generated 

through the wall (r = o to r = t) is: 

8-15 
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The totel bcomdirected toward the receiver point i s  eqwl to the area, A, of a surface of 

d miform incident flux timer tbe above expessicm, The total arriving at the receiver 

point, a distance R QWQY from the source area is: 

I 2  4 d R + ~ ; )  ( Z r  see eo +psec 8 )  
The toto1  am^, intensity at the receiver point, including the photons rcwlting from 

captures of thermal neutms from the reactor at the h e  of the test cell wall, i s  therefore: 

I (Total )  = I,+ 6+,h(Ac0s@) 
~- 

(8-9) 4 t R 2  
The test cell wall wol divided into 43 aeas for purposes of computing the capture gomma 

dost rate under the privy roof and at test car locations. Thermal neutron fluxes fix W.86 ev, 

and fast neutron fluxes for 1.86 ev > E > 10 Mev were obtained, 
1 

Gamma Rays Scattered From the Test Cell Wall and Pad 

Calculation of radiation levels resuiting from ganma my scattering fiom the wall and 
2 pad were d e  using a multiple scatter albedo model suggested by Dr. A. Foderaro. 

WANL-TME-840, Reactor Analysis Data Book, Westinghouse Electric Corporation, 
Astronuc leor Labomtory 

2Memo from Dr. A. Foderaro, Procedure for NRX-A Scatter SCIield Analysis 

- - -  , ..I. . ,- 8-16 
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The gomma ray albedo formula is: 

(8- 10) 

when D(E) = Scatted gamma my flux at detector for 13 energy 
9'~ps, E 

Do (E) = Gamma my flux at auttering area for 13 energy 
groups, E, calculated by Point Kernel Plogmm 14-0 

A = Scattering area 

= Gamma ray energy albedo ('I at numol incidence 
on concrete for 13 energy groups, E 

e = Angle between the reflected ray and the norm! to the 
scattering area 

r = Dirtunce between the center of the scattering area and 
the detector point 

The gamma my dose rate was computed by applying appropriate flux to dose conversion 

factors to values of De). The wall and pad were divided into 43 and 38 scattering areas, 

respectively, for purposes of computing the scattered radiation levels under the roof and on 

the test car. 

Direct Beam Dose Rates 

Direct beam gamma dose rates under rhe roof were calculated in the same manner 

described above for the meridian ring and radial traverse except that attenuation in the 

privy roof was accounted for. 

"Monte Carlo Calculations of Gamma Ray Back Scattering", M. J. Berger, D. J. Ram, 
Radiation Research, 12, 20-37, 1960 

1 
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k t  Neutron Fluxes and tbse Rates 

SURFACE OF THE VESSEL, MERIDIAN RING, AND RADIAL TRAVERSE 

The fgt neuhon flux levels presented in this section a n  bosed on Program 14-0 

differential neutron number fluxes. In Program 14-0, moments method data for water wen 

employed in computing the differential neutron number flux. In order for the flux levels 

outside the vessel to be consistent wi th hose inside, the Program 14-0 fluxes were 

normalized at the vessel surface to Program CURE results os foliows: 

when: 
* flux for neutrons wi th  energy grcater timn 1 MeV, 

neutrons per square centimeter per second 
'E > I MeV 

a = polar angle in degrees measured about the center 
of the core from the axial centerline with a 
located at the dome end 
separation distance from the center of the core to R t 

the detector 

+(E > I MW )=  flux of neutrons with energies greater than 1 Mew 
from CURE Progmm 

repamtion distance from center of the core to the 
surface of the reactor. 

= 0' 

R S  * 

I (E) 0 differential neutron number spectm computed by Program 
14-0, neutrons per square centimeter per second per Mev 
interva I. 

8-18 
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The fast neutron dose rates are based on Albert-Welton kernel dose rates computed by 

Program 14-0 and normalized as follows: 
c 

(8- 12) 

D = Normalized fast neutron dose rate, rods per hour 

DN = fast neutron dose rote computed by Rogmm 14-0 

A l l  other terms were defined above. 

Monte Carlo Program 18-0 data were also analyzed to obtain the neutron flux (b2.5 MeV) 

at the surface of the pressure vessel. The Monte Carlo method ir,of course, inherently more 

accurate than the method described above, and hence was employed to define more accurately 

the surface flux levels. The Program 18-0 neutron escape tapes were analyzed using data 

reduction code 20-8 . This code places the escaping neutrons into energy and angle bins 

at specified areas on the surface of the reactor assembly. In converting the 20-6 output 

to a flux, an "average" energy was applied to the energy bin datu. Also, an average sec 6 

was applied to the angle bin data to account for the absorption in a "theoretical" detector 

located at the surface. This calculation i s  similar to, but not as exact, as that performed 

by the new ETA code described in the previous section on Gamma Ray Dose Rates. The ETA 

code was not available when this analysis was performed. 

1 

UNDER THE PRlW ROOF 

To determine the neutron fluxes under the privy roof, i t  i s  necessary to consider other 

sources of neutrons in addition to the direct bean; nzutron radiation. These sources are 

'GEMP-123, Program 20-8, A Program for lnrerpreting Program 18-0 Source and Escape Particle 
Tapes, J. P. Yalch, J. E. MacDonaId, General Electric Co., NMPO, January, 1964 

m o a  a- r - s.. w- - - -  -I 
-I--. I---.- - 
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and air scattering. The methods used to compute the latter 

two rodiation components are describd below. 

- Neutron Scattering From the Wall and Pad 

Calculations of radiation levels resulting from wall and pad scattering were made usin9 
1 

a multiple scatter albedo model suggested by Dr. A. Fodemro . 
fb neutron albedo formula used is: 

0 =(Do AB cos 2/3 80 cos 
where: 

D =  
Do = 

A =  

P =  

80 = 

8 =  

I =  

I 

Scattered neutron flux at detector 

Neutror: flux incident cn a Scattering mea 
2 

Scattering area 

Neutron dose albedo for nonnal incidence a d  
reflection on concrete (-0.111 for neutron 
energies greater than 1 MeV) 

Angle between the incident my and the normal 
to the scattering area 

Angle between the reflected ray a d  the n m l  
to the scattering arm 

Distonce between the center of the scattering 
area and the detector point 

The same scattering areas employed in the gamma ray analysis were also used in the 

neutron ca Icu lotion. 

Air Scattered Neutrons 

An "upper limit ' estimate of the neutron flux under the privy roof resulting from air 

Memo from Dr. A. Foderaro, Procedure for NRX-A Scatter Shield Analysis. I 

c) 

%ANL-TME-840, Reactor Analvsis Dot9 Bo& Westinghouse Electric Corpora tion, 
Astronuclear Laboratory 
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1 
scattered neutrons was obtained from data. The referenced data are presented as a curve 

of air scattered neutron dose rates as a function of the angle of emission of a 1.1 Mw mint, 

monodirectional source for a source-detector sepamtic 

in Rem hr-' per sgurce neutron-sec ', were converted to ?ads (tissde) by dividing by an 

RBE of 8 , and to a flux greater than 1 Mev basis by multiplying by a flux-to-dose factor 

of 4.85 x 10 obtained b n  the Dota Book3. 

Iittance of 10 feet. The dola, presented - 
2 

4 Hence: 

4.85 x IO" (2-14) X 
neutrons (E > I Mav /cm? scc ret7 /hr 
source neutron /sec source neutrmlsec 8 

= f (8 )  F (e) 

These data were subsequently applied to the flux emitkd in the unit solid angle d a 
centered about the polar angle 8. 

The point source of: neutrons emitied Into solid angle d $1 about 8 was obtained 

from dcta tabulated as a function of polar angle at 13 feet from the reactor in reference 3, 

4 r solid angle 

Unit solid angle i s  

d h  = s i n 8 d 8 d  (9, 

unit sorid angle 

thepe 0 and 9 are polar and azimuth angles, respectively. The air scatter neutron flux 

10 feet h m  the anisotropic point source i s  therefore: 

'Reactor Handbook, Vol. 111, Part 9, Shielding, E. . . Blizord, Editor, 1962 

*XDC-59-8-179, Conversion of Neutron or Gamma Ray Flux to Absorbed - Dose Rate, 
General E!ectric Co., ANPD, B. J. Henderson, Augus:., 1959 

WAN L-TME-840, Reactor Ana I ysis Data Book, Westinghou se E iec tric Corpora tion, 
Astronuclear Laboratory 

. 
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Because of the azimuth symmetry of the functianr, 9 i s  i n t e g r d  from 0 to 2 1 , ond bocoust 

*he p ivy  roof wbtmdr an angle of about 45 deqees with respect to core center, 9 is 

intcgrottd from 5 /4 to I. Put in incnmcntol form for purpo~s of numerical integration, 

NbUOmU: 

Tmpczoidol inttgmtim was periormed to ohiain a value of 

r % t rons /cm2 - tec 
fission second 1.6 x 10"" 

f a  the air scattered neutron f l t~x  with a e r g i a  g w  thar 1 Mev. 

The mtue ior the air scattered neutron flux i s  a c-ativt upper l i m i t  for the followic;~ 

reusons: 

1) The presence of the test :ell wall ond pad limits the volume of air in which the 

scattering occurs. Thi; WQS noi taken into account in the calculation. 

2) Some of the scattered neutrons rcsulting from sowce natrons emitted at polor angles 

btbeew 4S0 d 180' mat poss though the privy roof to arrive at the detzcbr point. This 

was not accounted for ir. l ire calcaultions. 

Thewha1 and Epithermal Neutron k t o  

T'ternnl and epithermal reaction rates, i.e., flux times macroscopic activation cross 

section, were calculoted for comparison with meosured reaction rates as foilom: 

The epithermal reaction rate (RR e p i t h i :  for flux levels constant wit)? time is 

defined as, 

RR cpithermol = 7 + (E)Coct  ( € 1  dE 
0.4 ev 

C(E)act = macroscopic 0 ,  

energy E 

(8- 18) 



Ashonvehr 0 - 
WAN L-TNR-199 

With simi!or term,nOIqy, the therm01 rmction rate (RR -1) K defined 05: 

1 
0 

The limit of 0.4 ev wos selected o the codmium cut-off , i.e., at energies below 0.4 ev 

i t  is aawncd thot cadmium ewmtkl ly  s t o p  a l l  neutrans and at energies above 0.4 cv it 

i s  Qarmcd thot codmium is hrrrspofMt to neutnas. 

T k  qi-1 rtmction ratc o mcasvred ti ucpcrimmt is: 

Q) 
~ ~ e p i t h l  = A' 

W h ,  

4' is the sotumtcd activity of a wire comple?ely C Q V ~  with codrr.ium 
a0 

The therm01 reaction rote i s  t h :  

Q) 
Rilthtmwrl = Ab -AC 

Q) 
(8-2 1 ) 

whm8 

Ab is the sabmttd activity of o bare wire -A to t k  ) ~ m t  flux US tk 
Q) 

covered wire. 

By replacing the intt?grals by summations Over energy, -tion mtes were calculated 

and canpared to those experimentally determined. 

Calculated and measured reactim mtes were compared insteod of fl~rxes since the 

fundamental measured quantity is the reaction rate. 

flux, an average activation cross mtim must be defined tc permit i ts removal from the 

integml. 

To obtain the " t k m ~ l "  or rpithtrmal" 

The calculated neutron fluxes employed in this analysis were obtained from a sixteen group 

'Nuclear Reactor Experiments, Hoag, J. B., 0. Van Nostrand Cmpany, Inc., 
Princeton, New Jersey 
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(1 1 fost and 5 thwmai gr-1 r-z, harrport code, TDC" '. +ifical!y, TDC 

the outer lotaml &e of the beryllium reflector w e n  utilized. Cross sections d i e d  in 

the eqmtiarr chvc were obtained fran c six- group GAM-TNZ-I13*4 ccrlculoticm nd 

were weighted over the berylliun refletor spcch~m. 

ot  

Use of the TDC codc in his analysis is a apoltue fiun thc method used in c a l ~ ~ l d ~  

of the fart flux datu described m the preceding section of this mpori. 

Thcrc oc, sewed reasms for this. The fort neutron bxtcmol environment halalrady 

Sutaseqent rrgtk WQz perf~rm#l in k ~ n  predicted cmployihrg ~tmdard hip ~ t t h o d  

on cff6rt to ;mpcO.e upon S h d d  hip Method I, 186 which resulted in S w  Oarigr 

Method II. 186 Standad hip Method II does in foct employ o 16 goup TDC calculation 

far all 

Method I1 on extmKll neutron cnvircnment wil l  be emluated in the near future. 

WANL-TNR-165 the e f k t  of the Stcmdord kig, &;hod !I on intcmcl! environment vms 

evaluated ond mported. 

ncutrolr mdiatiar analysis. lhe effect of various facets of the Standad kip - 
In 

'WANL-TM-941, 
Electric Corpmtim, ~&uc!car ~ o b o m t q  

2W- 2346, The DSN ad TDC Ncuhon Tmmport bdt, LOS AI- k i m t i f i c  Laborotay 
B. G. Carlsm, et. ai 

on on Automotd Rodidon Analysis ~ ~ U I I I  , W e s t i r ; . g b  

%A-1850, GAM-I - A Consistent 91 Mvltigrarp Code for the Calculaticm of Fast Neuhar 
%tro d Mult isarp b m t ~ ,  d daw by J. 5. Dd&, G, J. Jarnar, t. J. Lerhon. 
Rcport mitt- by G. J. h m o u ,  J. S. Dudck, h, 1961 

4WANL-TME-263, TNS, Ar! IBM 7090 h o p m i  for Computing T k m m l  Neutrm Spec t r o d  
Multithcnnal Group Ctoo Sections, C. A. Stevens, 5, 'twng, Wetiwhouse Electric 
Cwpomtion, Astronucleor iaborotory 

%UANL-TNR-I28, Vol. II, Reactor Analysis of NRX-A, Radiation Analysis, Watingharse 
€lectric Corporation, Asirmuclcar Laborotay, Radioticm ard Shielding Group, September l%3 

%ANL-TNR- 165, Rdiat im Analysis of NRX-A2 by Variars Methods, Westinghouse 
Electric Corporation, Ashmuclear Laboratory, M. A. Capo, Dcctmber, 1964 
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COMPARISONS OF EXPERIMENTAL AND CALCULATED GAMMA RAY DATA 

Grpcrimartul  ammo my dose mtes e/k-wott) obtained ar QI axial troverse ot the 
&e of the ptrrun vcxccl duing EP !I are plotted in figun 8-5 as a k t i o n  of rcoctor 

stotiar, (Stotia: 0 is located at the dome ad of the cocc. Positive rtotians are mcasusd 

in inches from this reftnnce toward thc nouk end of the reactor.) Both film m d  glaa 

rod dolo fa the EP II iaw power M QC presentad. The fi lm doto are siglificartly lowcr 

thm the &xis rod &to at mast axial p s i t i a s  kausie tk fi lm hod heen mtumted. lk 
film dota ure corrr'klered nliaMe cmly up to a b u t  400 r. lhe colculatcd dota from 

WANL-TM-840 occ shown os a -lid curve in figure 8-5. Nea th core midplane 

(stpt'm 21) tht calculated  anm ma my dasc mte is only 20 prant h i g k  thon tk &ms 

rod meusmmmt. In fact, the shopc - 4 v i h d e  of tht WANL-TME-840 &to om in 

excellent ogtanart except at the dane d of the COre (statim 0). This disacpancy at 

the dame e d  con be explained on the h i s  of the ocpcn'mcntol cardit'bs. Thc WANL- 

TME-840 calculat'lbns were pcrformcd for tk hot nacb with 1OG percent )I)rdrogcn flow 

mte. This, d -, implies high darity at the dam end of tk corn. b lcu la t iar r  

of thermal fluxes at the dan end of the c m  show h t m  inacac ofa factor of f ive con 

be noted whcn hybogcn at 100 percent flow a d  power conditions is employed. Thus, the 
secudq ~ a m a  my coptun mte in the wpprusa +de, thnirm support struchn, ad 

other regiars would be sig,ificantly hi+: for the hot case. 

gonmo mys at station 0 is about eqwi to half of the primary gammo my doK mte, Thus, 

for a cold case the dose mte at station 0 sharld be decreased by oppx;mJtely 30 percent, 

yielding Q v d u ~  of about 0.4R/)II-wott. 

-fed datu. 

1 

the dose rote due to ZCC- 

This wlue is in better ogrccment with tk 

Sam m recently calculated dota is also presented in figure 8 4  (aiso fur the not 

condition). T h  data s h  by tk d d d  Ii- in histogmm form were obta id  from tk 

1WANl-TME-840, Rcoctor Analysis Rata Book, Westingbse Electric Corporation, 
Aslronuclcar L a b t o r y  
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18-03 escape tape data and calculates, among other quantities, the gamma my dost at the 

&e of the pressure vessel along pmcribed surhce arcor. These dota appear to be in 

-hat better ag-t wi th the otpcrinwntol dot0 thar are tk WANL-TME-810 

calcula--' I Ions. 

Experimmtol  omn no my dcxe mtes (R/h-wott) obtained an a circumferential traverse at  

the presswe vessel surfoce are plotted in figure 8-6 as a function of reactor azimuth angle, 8. 

(Refcr to figue 8-2 for shcmatic diogmm showing location of dosimeters.) This circunfcrcntial 

traverse was obtained at the care midplate, station 24. Both thc film md glass md doto for 

the EP II run are presented. Again should be noted thot the film data ort saturated, and 

hence, OIT not reliable. The onam sharm in figwe 8-6 locote, as closely as m i b l e ,  the 
p - t i o c l  of the control dnms (Refer to figore 8-2). It appears that l i tt le or no UxrIlcping 

effect can be noted in the vicinity of the drums. The calculated valuer a r ~  presented in 

figure 8-6 for comparison purpo~s~ Thae arlculatiars are identical to thasc for S t a t i m  26, 
shuwn in figure 8-5. The computer codes uscd to co!;ulate garma my 

capable of employing any azimuth variation in pawe distribution ot noCta gcomctrv. %nu?# 

no azimuth calculated traverse of gawm rprs dose rates is given. 

mtes att not 

Eclatarial Rina 

4 Due to a slight misaligrmen? of the equatorial ring aslembly, all dorimetcrs not 

tquidistont from t k  center of the reactor cae. Reference to f i v e  8-4 c m  clarify the 

'WANL-TME-941, Progess an Ai-ted Rodiatian Andy& , Westinghouse 
Elecbic Cwpomtim, Astronuclcar laboratory, H. C. -8 h g r r r t ,  1%4 

%ANL-lNR-165, Radiation Analysis of NRX-A2 by Various Methods, Westinghouse 
Electric Corporotian, ktronuclear Labrotmy, nr\, A. c o p 0 8  Dtcemkr, 1964 

36EMP-102, Specialized Reactor Shield Monte Carlo hogam 18-0, Gcrrcrol Electric Co., 
NMPC), J. E. MocDormld, et JI, October, 1961 

%ANL-TME- 108 1, NRX-A2 himtry .Measurements, W&:ngho- E kctric 
Corporoticm, Astrmuclcor Experimental Foci!;ty, March, 1965 
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WANL-TNR- ; 99 

definitiar of tk miralignnnt. The dosimeters at 0 = 345 dcgntr, 0 degecr, 5 dcgncr, 
ctc., are octwlly a few inches c l a m  to the core thm are tho# at 0 = 75 degmes, 

60-t adtgcer, etc. 

E x p i m t a I  gomn# my dcse rates Rh-wott) ot locations on the equatorial ring are 

presented in figure 8-7 o a function of reoctor azimuth angle, 0. (Refer to figure 8-4 for 

dosimeter Ioat*hns on the quotorial ring.) The equatorial ring was located five feet from 

tht center of thc core on the midpian. The following Qrimctet data obtained during the 
EP II run are shown: film md gioss rod dot08 glosr data obtoined by USL, and one 

maommnmt (e = 20 degrees) obtoined wi th  a thermoluminescent detector (TLD). The 

LASL gloor &a are about a factor of 1.5 higher thon the WAN1 gluss doto due pobobly 

to a diffcrsncc in oalibotim. ' The film data ore slightly lower t)wn the WAN1 glasr data. 

The Tu) dot0 point is in reamnoble ag-eemmt with the WAN1 glass data ond with the 

calcubtd doto. As a k t i o n  of azimuth angle al l  maaswed dot0 oppear to b reasonably 

flat and no scalloping effect is noted. The misuligrment of the ring i s  Wiknccd in figure 8-7 

since the o<gcrimcntol doto have a tendency to increase from 75 

which is awoy from the test cell wall. Any existing scalloping effect would, of COUCK, be 
less pronounced as the distmce from the rcoctor increases. The calculated data point 

(fiam a = 90 degrees on m i d i m  ring, figure 8-8) shown in figure 8-7 is  in good agrement 

with the WAN1 glass or TLD dota. The 110 data is  npatad to be more reliaMe than either 

glosr or film. 

to 345 

1 

Merid'm R i n g  

~ i m t o l  ganmo my dose rates @/hr-watt) at locations on the meridian ring ore 

plotted in fiwn 8-8 as a function of reoctor polor angle, a. The position, a = 0 d-, 

i s  locotcd at the dame d centerline of the core, and a = 180 dtgezs is  locoted at the 

nozzle end centerline. The meridion ring wos Iwted five feet ham the center of the core. 

(Refer to figure 8-3 for dosimeter location on the meridian ring.) The following dosimetry 

' WANL-TME-lOB1, NRX-A2 Dorimetry Measurements, Westinghouse Electric Corpomtim, 
ktronuclcar Experimental Fociliiy, March, 1965 
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data obtained during the EP 11 run are shown: film and glass rod data, glass data obtained 

by LASL, and two measurements obtained with a TLD detector. As was the case on the 

equatorial ring, it i s  noted that the LASL glass data i s  about a factor of 1.5 higher than 

the WANL glass data. The TLD measurement at a = 30 degrees i s  in reasonable agreement 

w i th  both the WAN1 glass ond film data. At the nozzle end (a = 160 degrees), however, 

the TLD doto is  about a factor of 2 higher than the WANL glas data. This i s  probably 

because the TLD has a fast neutron mqmnse, and since the fast neutron flux i s  quite high 

at this location, the TLD is  also d i n g  some fast neutrons. 
1 

The calculated data from WANL-TME-840 are shown os the solid curve in figure 8-8. 

The calculated data is  in good agreement, both in shope and magnitude, with the average 

of the measurements. At a = 90 degrees the ratio of calculated to measured (WANL-glass) 

data is  about 1.2. 

Also shown in figure 8-8 i s  a best fit to KIWI B-4A gamma dose measurements (dashed 

curve) nomnrlized at a = 90 degrees to the TME-840 calculated data. The A2 and 64 

data are not comparable on an "absolute" hasis since the A2 and 84 meridian rings were not 

located at the same distance from the center of the core. This curve clearly illustrates the 

effect of the aluminum mockup shield employed in the NRX-A2 reactor. The KIWI B4A, 

of course, did not have such a shield. At a = 45 degrees, i t  is noted that the KIWI data 

i s  beginning to increase CIS a function of a, whereas both the A2 measured and calculated 

data are beginning to decrease. (The aluminum mockup shield, located at the dome end 

of the COR, i s  employed to simulate the effect of a "flight" shield that may he used in a 

future application of NRX flight-type systems). From a = 45 degrees to a = 30 degrees 

the calculated gamma my dose h a  decreased by a factor of 4 due to shield attenuatior?. 

The calculated attenuation effect of the shield at a = 0 degrees on the centerline i s  a 

factor of 20. T ' e  shield i s  about t4 inches in thickness on the centerline. 

'WANL-TME- 1081, NRX-A2 Dosimetry Measurements, Westinghouse Electric Corporation, 
Astronuclear Experimental Facility, March, 1965 
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Sadial Midplane 

A compotim of experimental and calculated gamma my dore rates i s  shown as a 

function of radial distance from the reactcr in figure 8-9. These data were taken during the 

low and high power runs at the vessel surfate, five feet from the reactor on the eqwtorial 

ring, and on the trolley line and trolley line extension. (SevemI KIWI B4A measurements 

are included for comparison). The calculated curve fr.c!udes core gamma rays and secondary 

gamma rays from neutron interactions in reactor components outside the core, but within tk 

pressure vessel. The calculated data also include the effect of air scattering. 

The calculated curve i s  within a factor of 1.3 higher than a "best fit" of the experimental 

data out to about twenty feet from the reactor. At geater distances, the "best fit" of the 

experimentol data i s  greater t k n  the calculated curve by a factor of two at 100 feet and a 

factor of three at loo0 feet. 

The uncertainty in the calculation of the NRX-A2 gammo dore has been set at a factor 

of 1.5 in reference 1. Agreement to within a factor of 1.3 to 1.5 between experimental 
2 

and calculated gamma dose has been observed previously in an analysis of KIWI dosimetry 

The apement between calculation and experiment observed in this analysis within 20 feet 

of the reactor on the midplane is within the presently set uncertainty of the calculations. 

Disageement between the experimental and calculated data at distances greatw than 
2 50 feet hor been observed in an anlysis of KIWI dosimetry where it *&as attrib;.ted to 

neglecting the effects of air scattering in the calculations. The NRA-AZ analysis includes 

the effects of air scattering; therefore, i t  appears rhat the disagreement may be due to 

ground scattering effects not included, or overestimation of the cattenuation properties of 

air for the condition at the test site. 

The glass rod dosimeters (WANL) exposed during the EP 1'1 run were annealed out at 

'WANL-TME-840, Reactor Analysis Data Book, Westinghouse Electric Corporation, 
Astronuclear Laboratory 

2WANL-TME-767, Analysis of KIWI-B4A Radiation Measurements, Westinghouse Electric 
Corpomtion, Astronuclear Laborotory, L. D. Stephenson, May, 1964 
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1 
distances less than 62 feet due to the high tempmtures caused by the hydrogem flare. 

This i s  evidenced in figure 8-9 by the different slope exhibited by the data points referred 

to by the diamond-shaped symbol. 

Below the Privy RocL 

Exper:mental gamma ray dose mte; were obtained at five locations in the vicinity of 

the test car and test cell woll. The &to are plotted in figure 8-10 as a function of radial 

distance from the reactor center. The dosimeter positions are designated as locaticnr 1, 2, 

3, 4, and 5. There dosimeters are located at difterent disbnces below the core midplane. 

Locution Nc. 1 i s  17 feet below the center of the core; No. 2 i s  about 15 feet, No. 3 1s 

a h :  14 feet, and locations No. 4 and 5 ore about 12 feet below thd center of the cure. 

Locations 1, 2, and 5 are completely with% the shadow of the roof, whereas locations 3 
and 4 are not. The calculated data presented in figure 8-10 are fer a radial traverse! 

located 12 feet below the core center. 

Figure 8-10 shows that the EP II fi!m data are consistently higher thcn t k  CI il b a a s  

data, and that the EP II glass data are higher than the EP fV glass cia*, at locations 2, 3, 

and 4. The EP I 1  and EP IV  glass data are, however, in good ageernent at location No* 1. 

At locations 2, 3, and 4, i t  i s  believed that the f i lm i s  higher than the EP II glass because 

the f i lm  has a high response at low energies. At locations under the roof, the gamma my 

spectra is  softer than that on the radial traverse or meridian ring because of the large number 

of low energy photons under the roof resulting from scattering fror the test cell wall und pad. 

The calculated gamma my dose rate shown in figure 8-10 includes the following contributions: 

1) Wall capture gamma rays 

2) Gamma rays scattered from the woll and pad 

3) !+ivy roof capture gamma rays 

4) Direc' beam gamma rays 

'WANL-TME- 1081, NRX-A2 Dosimetry Measurements, Westin&ouse Electric Corporation, 
Astronuclear Experimental Fsci lity, March, 1965 





COMPARISON OF EXPLRIMENTAL AND CALCULATED FAST NEUTRON FLUX AND OOSE RAE 

emurC Vessel Surfocc 

2 
Lqerimentoi fast  neutron fluxes (neutran/cm -seewatt) & id  W i g  tk EP II 

run on an axiaf tmvene at the surface of the presrun vessel are plotted in figure 8-11 os 

a furcticm of reactor station. These measurcmcnts were mode with 3/4 inch, ammonitan 

sulphate pellets having a 2.9 Mev threshold. The scatter of thc maxurud data points is 
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due to the low at~asurc levels ad type of plkt used Q br r i bcd  in WANL-TM€-1081. 

It is mast inpatont to note t h t  cll WANL Utpaimentol dfu dota O b o ' d  bring thc 
NRX-A2 tcoctur n m ~  were mrnmlizcd to ?ht WANL nickel dono at a point (a = 90 dcgccr, 

figrrc 8-17) on the meridion ring. This normalirotian was necesay bccGlEc of -inties 

in tht sulfur doto calibotiar which is -kid in &Mil in the p w i a s l y  m e n t i a d  

~ - v r c p o r t .  

Tht Colwlored flux for €2 .75  MeV fmrr WANL-TNR-128 am presented 0 tk solid CIlCvr 

mfi-8-11. Oath thertqeandmognitudcdthtcalcuktedfastfluxar in rcQx*#Me 

ogccmcnt with the -tr. The 00l~~larcd dot0 f k n  WANL-TNR-126 bgcd 

on point kernel neutron spcctm c a l c u i a t ' i  m which water cnm~nts data were ampbyed. 

The p-nt ktmcl data were normalized to diffusiar poyoln C l R E  &to as p r e v ' d y  

cxplo'd in this chop&. 
1 

Also I)larm in figure 8-1 1 (darhcd I-N hirtogom) QC 00mc e m t  ~alculat'ht~ of 

18-0. The Monte Carlo doto fast flux (E>2.5 M e )  obtained fmn  Monte Carlo 

wcrc &-a! to a flux at the &e of the verse1 using Progum 20-8. In using this propma, 

an avemge neutrw energy mst be applied to t k  energy bin artpt do-. Arr value 

of s m t  9 m s t  be applied to the angle bin data to account fa ab6orptiar in the thcorcti-1 

detector. These two arrumpticms place uncertainties on the occumcy of the histogom 

plotted in figure 8-1 1 of about 30 percent. The Monte Carlo -try on which t k e  d m  

am based wos terminated ot the dome end of the core; tk geometry did not inch& m y  mtcrial 

locoted above the dome end. k e ,  the histogmm would tend to be too low between 

station 0 and 10 since some of the neutrons would bockscatter towmrd the ccwe if the entire 

1 

CICIynetry had be r!-r;w. 

The o<pcrimntal sulfur data are plotted in figure 8-12 at the pressure vessel surface as 

a function of reactor azimuth angle, 8. (Refer to figure 8-2 for schematic diogrom showing 

the location of dosimeters) The control drum positions are shown by the arrows on tigure 8-12. 

The sulfur pellets used on this circumferential troverse ore of the same type as used on the 

'WANL-TNR- 165, Radiation Analysis of NRX-A2 by Various Methods, Westinghouse 
Electric Corporation, Astronucleor Laboratory, M. A. Cop, December, 1764 
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axial traverse. A sli+t (10 to 15 pmct3t) i- in fast flux is obscned in the vicinity 

of 357 &gees ad 22 

the vicinit) of 9 = 60 & p e s  ta cortcludc if #nlloping i s  also prcscnt at thot locatim. 

Recent PAX, preoonnbly ugmimt, measurements indicate thot about a 20 percent increase 

in hst flux cm be obdcrvcd in the vicinity of the drum, It is believed that th is  increase in 

b t  flux is due to a &reuse in attenuation in the vicinity of the vmes. F h  malysis and 

canparisat of PAX dota should clarify this probiem, 

MQ the control dnna Sufficient doto are not aMiiaMe in 

fhc calculotcd &to l iven in fiw 8-12 ~t identical to thodt for stotim 26 on 

figuc 8-11. 5 molytical tKtmicrJes ccrploycd in WAN-TNR-128 for calculating the 

neutron flux at the h e  could not account for any azimuth variation of power or gcomctry. 

k e ,  no azimuth variation of calculated Qta is s h  here. The calculated ciota are in  

reasonable ageem#rt with thcrt mcaruranarts, 

Equrtorial Ring 

+imtaI fast natron fluxes at locationr on the equatorial ring are plotted as a 

function of reoctor azimuth ong!e in figure 8-13. The cquotorial ring wos l oca td  five feet 

from t k  centerline of the core on the midplane. (Refer to figure 8-4 f a  dosimeter locatims 
1 on the equatorial ring). h e  to a misoligrmcnt of tht equatorial ring assembly, dl 

dosimeters are not exactly equidistant from the cent- of the core. The dosimeters at 

8 = 345 degrees arzd thereabouts (figure 8-4) are actually a few inches closer to the core 

thtm are those at the locations near 8 = 75 degees. This misaligrment effect is evidenced 

in figure 8-13 since the experimental data shows a significant trend of being higher at 

345 degees tk-a at 75 degrees. 

Both the WANL and LASL sulfur data obtained during the EP II run are plotted in 

fi+ie 8-13. The WANL sulfur mcaswrements were d e  with 1.5 inch ammonium sulfate 

pellets. The WANL EP II sulfur doto are higher than the LASL sulfur data by 30 to 40 percent. 

The EP IV nickel data shown in figure 8-13 are believed to be the most reliable of the 
1 three sets of WANL doto. The EP II WANL sulfur data (due to o lower flux during €P II) 

'WANL-TME- 1OP I t  NRX-A2 Dosimetry Measurements, Westinghouse Electric Corporation, 
ktronuclcar EXF i-imental Facility, March, 1965 
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exhibits the most severe @ 01 o function of position. 

C a n  te OQNed from these meawrements. 

No noticeable scalloping effect 

Calculation of azimuth variations in fast neutron flux was not possible with the onalyticol 

t-tmi- employed here. The calculated dato indicated on figure 8-13 is  identical to thct 

given in figurc 8-17 for a = 90 degees on the meridian ring. The calcdation agces well 

wi th the LASL sulfvr &to, but i s  40 percent lower than the nickel measurements. 

Experimental data b o d  on LASL fission foil mcorurements an the equatorial ring are 

shown in figure 8-14. (The IASL sulfur data are repeated here for comparison purposes). 

The fission foil meorumments yield fast neutron fluxes within the following energy ranges: 

0. 004> E%. 75 MeV, 0 . 7 9  b1.5 Mev, and 1.5*>2.5 MeV. The data in energy range 

0.004 > E > 0.75 Mev appear to bc relatively flat as a function of mgle, and have about thc 

some hope as the sulfur dota. More spread of dot0 IS indicated by the energy groups 0.75 > 
E > 1.5, or 1.5 > E  >2.5 Mev. The narrower the energy band of spectml measurements, the 

mom stat is t ica l  fluctuation occurs in the measwed data. It is not believed that the fission 

foil data presented here shows any red evidence af scalloping. 

No calculated values of these energy ranges are shown for comparison in figure 8-14 

The rcoson for this omission is more w i l y  explained by reference to figure 8-15. Figure 8-15 

presents the experimental fission foil spectra at a location 5 feet from the core center on the 

midplane. The calculated spectra data from WANL-TNR-128 are also presented. It is readily 

noted that the calculated data are considerably lower than measurements at any energies 

below 2.5 MeV. The calculated doto are based on moments method data for water. Even 

though these results were normalized to the CURE data the use of water moments data mder- 

predicts the spectra in this range. 

data as was illustrated in analysis of the KIWI 84A reactor. ' (At the time of the analysis 

given in WANL-TNR-128, the carbon data were not available in a form compatible with 

required point kernel code input format.) Hence, no further attempts w i l l  be lade in this 

report to compare the fission foil data at any locations wi th  WANL-TNR-128 calculations. 

It i s  more accurate tc, employ beryllium or carbon moments 

'WANL-TME-757, Analysis of KIWI-B4A Rodiation Measurements, Westinghuuse Electric 
Corporation, Astronuclear Laboratory,. L. D. Stephenson, May, 1964 
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The IASL fort neutron dose rate on the -torial ring i s  piotted in figure 8-16 OS o 

functicm of reactor azimutb mglc, 8. This fast neutron dose rote i s  computed from the 

f ish foil dot0 by appiying apprgriate flux to doe conversion factors. The calculated 

azimuth variatiar of fust neutrw. dost rate is not available with present analytical techniques. 

The calculated data indicaM in figure 8-16 i s  identical to the nebtran dose d u t  ar the 

merid'm ring, a = 90 de-, from C g w t  8- 17. The calculation i s  obviarly low by a 

f o c m  of 2 to 3. 
1 

mehods employed. & v i w  anal;ais of KIWI data indicated thot it i s  more accurate to 

compute a fast dose from the point kernel neutron spectra data w l t i n g  from application of 

beryllium or carbon moments data for this purpose. 

This i s  due to o combination of mcertainticr auociatcd with the analytical 

Meridian R i r q  

Experimental fast neutron flux data at locations on the meridian ring are plotted in 

figure 8-17 os a function of -tor polor angle. (Refer to figure 8-3 for dosimeter locations 

on tne m i d i a n  ring.) The meridian ring i s  located five fcet from the center of the core. 

Experimental data cm tke meridian ring includes WANL and LASL su!fur data obtained during 

the EP !I run, and WANL nickel and sulfur data obtained during the EP IV run. The solid 

curve in figure 8-17 refers to the calculated data fro:n 'NANL-TNR-128. As was the case 

on the equatorial ring, the LASL sdfur data i s  consistently lower by 30 percent thon the WANL 

sulfur doto. Both EP li and EP IV WANL sulfur data were normalized to the WANL nickel 

data at a = 90 degrees. The WANL sulfur measurements were mode with pellets similar to 

t b  used on the equatorial ring. The WANL EP II sulfur, and EP IV nickel and sulfur shaw 

about the same "shape" as a function of angle. Culculated data agree well both in shape 

and mognitde with the experimental data. At a = 90 degrees, on the core midplane, the 

calculated dota i s  35 percent iower thm the WANL aeasurements. Also shown as a dash 

curve in figwe 8-17 is  a best f i t  to KIWI 

normalized at a = 90 degrees to the TNR-128 calcdated data. The A2 and 64 measured data 

fast neutron flux measurements (E> 2.5 Mer), 

'WANL-TME-767, Analysis of KIWI-BQA Radiation Mecwrements, Westinghouse Electric 
Corporation, Astronuclear Laboratory, L. 0. Stephens;, May, 1964 
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on not camporoble on an 'obscluk' h i s  since the A2 a w l  M meridion rings were not 

locatedot the oamtdistarce from rin cmterof the core. The KIWI B4Adato are stuwn here 

for cornpaism prrpascs to i l l vs tmk the effect of the olunmun mackup shield on tht A2 neutron 

flux, k MA, of course, did not hove a shield. T ' k  KIWI doto is  beginning k i m m  

as a k t i m  ofa, at a =4Odtgntr. fhc A2 mcQwrcd doto rhow a sigrificant CoCm 

of 3dccreosc from a = 4Odegccs to a =  30- due to the shield attenuatim. 

Exprimarid IASL fish foil h  or^ pnrarrcd at l o c a t i a  on tk meridim ring OS o 

hut- of + . -.- . e ~  polor angle in iigure 8-18. (The sulfur doto ore repeat4 in f i g u c  8-18 

for pwposes of -ism.) No calculottd data for these energies on given for the 

TCOXI(\I s t ~ t d  in tk prcvian section. 

energy neu-,s, 0,001 < E < 0.75 Mev is relatively flat as a fututiar of polar mgle, 

whereas tk shap of the neutrons wi th  thc highest E >2.5 Mev changes more scvcrtlyor 

a function of angle. The m i s  or follows: rht fast neutron energies (b2.5) am m o c ~  
~cvcrr ly  influenced by atttnuotion of cmttr;ols d i n g  the reactor. The lower emersy 

neutrrns QC caused 

the c m .  Hence, their shop would be influencd less by the moterial attcnuatiar. 

Tht fost neuhorr dase mte on the mcrid'm ring QS a furut'm of polar angle is plotted 

It i s  tcadily obdavd that the s h o p  of the I m t  

duwn scam of the higher energy neutrortsor well QS thcwe born in 

:n figurc 8-19. The calculated dose rote is again low by more than a factor of 2. Howltvcr, 

the r h p e  of the calculated nc~trorr doe  i s  in goad ageement wi th  the meosurcmcnts, The 

experimental fast neutron dose was calculated by LASL by applying appropiate flux to dose 

convclrrian focton to the measwed fission foil &to. 

Comporiscn of experimental and cal~ulated fast neutrm fluxes OS a function of rodid 

distonce from the -tor i s  shown in figwe 8-20. These data were obtained during the low 

ond high power runs at the vessel wrfoce, five feet b. the reactor on the eqmtorkl ring, 

and on the tralley line and trolley line extension. (Several KIWI B4A mcoswcmcnb are 

included for comparisun.) The calculated fost neuhrar flux (E > 275 &")out to o 

d i s h -  of 20 fcct from the center of the core were obtained from WANL-TNR-128. At 

-. 1 ." . - .-. -- 8-52 
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20 feet, the fast flux wos normalized to the fast dose to obtain the fall-off as a function of 

cis-ce beyond 20 feet. This normalization my, however, Over emphasize the effect of 

fort neutron air scattering. 

The calculated fast flux agrees to within a factor of 1.5 with a "best fit" to the 

experimental data. The agreement between the measurements and calculations presented 

here are well within the uncertainty factor of 2 quoted in WANL-TNR-128. 

The WAN1 s J I~W data s h o r n  in figure 8-20 again shorn evidence of being higher than 

the LASL sulfur dam. These J/ANL measurements were obtoined with 1.5 inch pure sulfur 

pellets. The WANL nickel data digmpancy at 62 and 100 feet i s  s t i l l  not presently 

Undcntood. 

F i g u m  8-21, 22 and 23 present experimental neutron fluxes vs. d i a l  distances for the 

following energy mnges, respectively: 0.004< E < 0.75 MeV, 0.75 < E  C1.5 Mev, and 

1.5 < E < 2.5 Mev. The d i a l  fall-off of these fluxes appeor to be in reasanably good 

ag-eement with the fall-off shown in figure 8-20 for the fast flux data thus indicating 

l i t t le spectral change. No calculated values within these energy ranges are presented for 

the ~COSOCLS explained in the section above relative to the equatorial ring fluxes. 

The experimental fast neutron dose rote as a function of radial distonce from the reactor 

i s  pmented in figure 8-24. The calculated neutron dose rate i s  about a factoz of 2 lower 

thm the mwsurements. The reason for this discrepancy i s  also discussed in the section 

above relative to the equotorial ring dose rates. 

agreement with a best fit to the experimental data. 

The shape of the calculated curve i s  in good 

Below Privy Roof 

Experimental fast neutron flux data were obtained at fmr locations in the vicinity of 

the tcst car and test cell wall. The data are presented ip figure 8-25 as a function of 

radial distance frm. the reactor center. The dosimeter positions are identified as locations 

1, 2, 3, and 4. These dosimeter positions are located at different distances below the core 

midplane. Locution No. 1 i s  17 feet below the core center; locotion No. 2 i s  14 feet below 

the core center; and locations 3 and 4 are about 12 feet below the core center. Locations 1 

and 2 are completely in the shodow of the privy roof whereas locations 3 and 4 are not. The 
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rodial traverse located 12 feet below the core center. 

T h e  effect of the difference in distance between calculated and experimental dab points 

hos not been evaluated. 

Figure 8-25 shows that the nickel EP IV measurements are consistently higher than the 

EP II or EP IV sulfur data. This phenomena, which was not observed on the meridian ring, 

i s  being investigoted by WANEi. The EP I I  and EP IV sulfur data are in reasonable agrecmcnt. 

The LASL EP I I  sulfur data at location No. 1 i s  40 percent lower than the WANL EP II sulfur; 

a similar difference was noted at the meridian ring. For p u m  of comparison the average 

value of KIWI meowrements beneath the roof is indicated. 

The calculated fast neutron flux data include: 

1) The direct beam cmtribution from the core 

2) Neutrons scattered from the wall and pad 

3) An estimate of the upper limit of a,r scattered neutron radiation. 

The total, as well as the components, are plotted in figure 8-25. The scattered component 

predominates out to a mdius of about 7 feet. Outside the shadow of the roof the direct beam 

component becomes increasingly important as a function of radius. At a radius of 13 feet 

the total calculated flux i s  a factor of 4 higher than the sulfur measurements and a factor 

of 2 higher than the nickel measurements. 

It should be noted that this type of geometry i s  a most difficult one to analyze. Disagree- 

ments between measurements and calculations, at locations such as described here, are not 

uncommon. 

Additional Locat ions 

Experimental fast neutron flux data were also obtained at three locations on top of the 

privy roof, and one location on the instrumentation ladder. These measured data are 

summarized in table 8-3 and are compared with calculations. 

LASL sulfur measurements were mads at two locations on top of the roof during the EP !I 

run, and a WANL nickel measurement wcs made at one additional location duricg the EP IV 

run. No overlap of measured data bet\Ecee!i reactor runs i s  available r,n top of the roof, The 

calculated datc are higher than the U S L  sulfur data as expected since the same trend existed 

a --=a- I- .*- 
1 -. ,, 
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on the meridian ring. The calculated data i s  lower hon the measured nickel data and 

greater than the U S L  sulfur data on top of the roof; this was also okrved in the case of the 

meridian ring tmporims. The calcuiated data presented in table 8-3 are direct beam fluxes 

and do not include any contributions fmm scattering from the roof or wall. 

Both LASL and WANL sulfur meastJrements during the EP II run are given for a location 

on the instrumentation lodder. This location i s  five feet from the core center near the core 

midplane. The difference between the twc measurements i s  noted to be more severe than on 

the meridian ring. The calcuIation i s  in goad agreement with the LASL sulfur measurement. 

COMPARISON OF EXPERIMENTAL AND CALCULATED THERMAL AND EPITHEPMAL 
NEUTRON FLUXES 

Calculated thermal and epithermal reaction rates, i. e., fluv. times macroscopir. 

activation cross section, were compared with measured reaction mtes deterrrked from 

cadmium coveled and bare gold, copper, and cobalt wires placed axially along the outside 

lateral surface of the pressure vessel. 

No test data on the lateral surface of 1 ; ~  pressure vessel exists for EP IV because the 

bands used to support the various detec:on were destroyed during the test. For this reason, 

the comparisons given here are for EP I1 only. The multigroup TDC problem used in the 

analysis closely matched :he NRX-A2 under EP I1 test conditions with the exception of the 

following: 

1) The privy roof was not included 

2) The pressure vessel was not included 

3) The design conditions were 1120 MW thermal power and 100 percent hydrogen flow 

4) The nozzle was not considered 

The TDC problem employed here had been run for ariother analysis. The differences in 

the TDC problem described above are not expec?d to markedly change the spectrum, and 

hence, the results of this analysis. The discussions which follow point out any of these effects 

where it is  fe l t  that they enter into disagreemenr 0; calculated and measured reaction rates. 

Calcirlated and measured reaction rates were compJred instead of fluxes since the fundamental 

measured quantity i s  the reaction rate. (Refer to the sections in this same chapter on Thermal 

8-62 



W A- 
m .... i .- -. -- -. - OWW 

WANL-TNR-199 -. 

and Epitherml Neutron Data under Analytical Methods for detailed disccuuim,) 

A comFriror? of calculated and ~ W O S : J ~  thermal reaction mtes is  given in tabfe 8-4. 

Agreement far copper and cobalt i s  fairly good. The gold datu agreement is not quite 01 

good, but *he experimental data is  within a factor of two of the calculated reaction rate 

with the latter being the higher. 

FiFQJres 8-26, 27 and 28 show comparisons of the calculated and measured epithenwl 

reactlon rates versus axial position for cobr’t, copper, and goid. respectively. The 

calculated reactim rates were normalized to the ev.rerimentaI values at  the midplrcne. With 

the exception of gold, the calculated -nd measured shapc; agree weil. 

Since nearly all of the epithermal reactions in gold come from tb: 3O,OC3 !mm (peak) 

absorption resonance at 4.9 ev, i t  i s  hypothesized thut a localized source of neutrons near 

5 ev in energy exists in or near the dome end of t5e realtor which was not evident in the 

trmsport analysis. One possibility i s  that the scurce ccmes from the flange of the pressure 

vessel or from the water in the test stand roof. 

A sipificant spectral change near 5 ev along the pressu;e vessel surface in the axial 

direction i s  evidenced by the change in the measured cadmium ratio for goid. As shown in 

table 8-5, the cadrr:um ratios near the dome end of the core (reactor stations 0.0 to 15.5) 

are approximately a factor of two lower than those toward the nozzle end of the core (reactor 

stations 20.5 to 51.5). The low values of cadmium ratio (bare/covered) correspona to a 

hardened spectrum above 0.4 ev, i.e. , the epithermol absorption i s  brge compared with the 

thermal absorption. 

Figures 8-29, 30 and 31 show comparisons of the calculated qnd meclsured thermal 

reaction rates for coba!t, mpper, and gold, respectively on the surface of the vessel as a 

function of r e a c h  station. Again, the gold shows poor agreement while the agreement for 

cobalt a-d copper i s  good. 

The calculated cndmium ratios for go!d presented in table 8-5 appear low by a fop’r)r of 

three compartd with the measured cadmium ratios near the nozzlz end of the core. I r  i s  

probable that this disparity comes from neglecting self -shie;ding at the 4.9 ev gold 

resonance in the calculated epithermal reaction rate. The diameter of the gold wire used 

in the experiment was approxlmutely 5 absorption mean free paths (20 wits) at the peak of 
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TABLE 8-4 

WAN L-TNR-199 

CALCULATED AND MEASlRED REACTION RATES ON THE LATERAL SlRFACE 
OF THE PRESSLRE VESSEL AT M E  CORE MIDPLANE 

REACTIONS KAA3-sec-rratt 

Gold Coppcr Cobalt 
4 3 .13~  10 

4 4 3  x 10 

3 

3 

3.24~ 10 

1 8 4 x  10 

4 

4 

MeaMtd 362x 10 

calcul& 7 . 2 4 ~  10 

Measured bring EP II 

&-In - 
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the 4.9 ev absorption resonance indicating that self-shielding corrections h l d  be applied. 

Inclus'm of self-shielding correction factors for the 4.9 ev gold rcxwKMce would decmose 

the e p i t h l  reaction mtes, thereby raising the cadmium ratio. 

It i s  in-ting to note that the calculated epithermal and thermal reaction rotes fw 

cobalt, copper, and gold exhibit geater fall-off near the dome end and nozzle end of the 

coca thon i s  measured. It is likely that this effect comes from neglecting the test s t a d  roo6 

and nozzle in the TDC analysis. The amount of reflection these compomnts cause at the 

core endr has not yet been invertigoted. 

The bonQ used to syrport the various detectors during expure contained a sigrificmt 

m a s  of material and these, together with the various wircs and cadmium tubes used to cover 

s o m ~  of the wires, produced some serious pcrtvrbotim. As a result, much of the EP II dah 

exhibits spurious scatter - mow than can be accounted for by counting statistics alone. The 

codmiun covered wire data exhibits considerable spread due to counting statistics resulting 

from the lower activation rates. 

The circumferential wire data hove not been analyzed at present as no satisfactory 

R-9 multi-grwp tmnrport problem is available for the comparison. 

CGNCLUSIONS AND RECOMMENDATIONS 

Gamma Ray Environment 

It i s  evident from t4e preceding comparisons that no severe disagreement was noted 

between calculated and measured gamma ray dose mks. T!w poorest agreement wus noted 

in three areas: 1) at locations on the meridian ring toward the nozzle end of the core, 

2) at locations on the mdial tmvene greater than 200 feet from the reactor and, 3) at 

loations under the privy roof and on the test car. 

To improve the agreement between calculated and measured data in these three areas, 

it i s  suggested that: 1) the attenuation due to the nozzle be included in the analysis of 

calculations on the meridian ring at the nozzle end of the core; 2) the gamma my air 

scattering, cnd/or ground scat!ering contributions be reevaluated analytically at locations 

greater than 200 feet on the radial traverse; and, 3) the capture gamma my contribution be 

reevaluated at locations under the roof and on the test car. In regard to the wall capture 
-A 11 1 -  -a .-, &,  
b W I W I  I Y L m  - 

-- 
A h  * 
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gommo mys, it is believed that applicat'm of recent measurements of thermal and foot fluxes 

(both ot the surface and as a '*inctim of distance in the wall) made at the PAX -tor at 

WANEF in calculating the gamma ray toufce terms in the wall wi l l  improve this port of the 

analysis. 

In general it was noted that the tsckriw employed in the Standord Dctign Methods 

have predicted the p m n a  my envi-t to within about 30 percent occumcy. Of special 

interest is the improvement in thc calculated data at the vessel d a c e  effected by using tha 
E T A 6  tonduce the Morrte cotlodata. It is suggested that this code be ad in future 

NRX onrlysb to reploce the point kemel calculations on the vessel rnfoce. 

On the baris of the experimental data, l i t t le or no gommo ray scalloping effect w ~ l  

obbsnrsd. This ob#rratian is quite inportant since, i f a source scalloping effect did exist, 

i t  could drastically effcct a c h g e  in calculational techniques which quite possibly could 

result in QI increase in cost for such cm analysis. 

In ngofd to meowternenis during future NRX reoctor tests two suggertionr are mtd: 

1) employ additional thermoluminescent dosimeters an al l  traverses wch as midion ring, 

trolley lines, etc. to obtain a better correlation between the response of the detecton and 

the glass detectors, and 2) employ dosimeters at many more locations under the privy roof 

and at test car locations to enable a better understanding of the environment in these locations. 

Fast Neutron Environment 

From comparisons of tlrc masured and calculated fast neutron data previously v t e d ,  

i t  is evident that the disogreement i s  more severe in some areas thon was noted in the Gamma 

my comparisons. This phenomena was to be expected since analysis of KIWI data indicated 

a similar trend. 

1 

The poorest agreement between measured and calculated fast neutron data occurs: 

1) in comparisons of the fast neutron dose rate at all locations, and 2) in comparisons of 

fast neutron fluxes in the energy range 0.004 < E < 2.5 MeV. The calculated fast neutron 

WANL-TME-767, Analysis of KIWI-B4A Radiation Measurements, Westinghouse Electric I 

Corporation, Astronuclear laboratory, L. 0. Stephenson, May, 1964 
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dose rate is  m i s t m t l y  low by a factor of about 2 due to the uncsrtointies associated with 

opplying the Albert-'Yalton kemel and removal ccou sections to the NRX-A2 system. In 

the NRX-A2 reactor system l i t t le or no hydrogeneom material i s  mcounterd. Neither the 

Albert-Weltan thtory nor ramovol cram sectbn theory apply in such a system. It i s  

recommmM that, far calculation of fast neutron dose rates, tht AIM-Welton k m s l  d 

ramoval ct001 sections should no longer & employed. Instead i t  is suggested that the dose 

mte be computed from the neutron spectra output data obtained from the point kernel 

progmm. This neutron spectra h l d  be gmerated by employing either beryllium ar c d c n  

momants data. The use of water mommts doto should be abardoned in generating neutron spectra 

since conparim in this report of measured and ca icu ldd  spectra over the enersy rortgt2, 

0.004 < E < 2.5 Mev, clearly showed that water data underpredicts the spectra fex neutron 

energies less than 3 MeV. 

It WOI generally aotud h o t  the pd ic ted  fast ~eutrcm flux data (E > 2.9 MeV, agreed 

to within a factor of 1.3 to 1.4 of the measurements on the vessel surface, equatorial ring, 

meridian ring, and mdial traverse. In all fairness to the predicted fast neutron fluxes, it 

should be noted that much mcertainty appears to be associated with the measured doh. 

Every effort should be made during the next NRX test series to eliminate as for 3s pouible 

such mc-intier. FW example, odditimul nickel detectors could be positioned on the mdial 

traverse between 10 and 62.5 feet from the core. The three nickel points acquired during 

the A2 test on this traverse are not in good agreement with simila, sulfur data. 

From measurements of fast flux OII the pressure vessel during the EP II run, and subsequent 

meosurements made at PAX, a slight scalloping effect i s  observed. This effect must be studied 

more closely to determine its relationship to the intemaf and external neutron environTent 

and/or heating rates. 

The calculated environment under the privy roof and at test car locations must be reevaluated 

in the light of the NRX-A2 measurements. The discrepancy between the measurements ir! this 

area also requires further iwestigation 



Thermal md Epithermal Neutron Data 

Irr he previous cmparism of calculated and measured reation rates in gold along the 

pressure esse; axial surface it wcls stated that the probable cause of the Poor agreement is a 

source of 5 w neutrum not occwrtted for in the analytical treatment. I t  is  mott likely that 

the source i s  in the pressure vessel flange and/or the test cell roof. 

It i s  suggested that on effort be made during future NRX reactor tests to understand the 

nature of this poblem. Specificolly, this could he accomplished by the placement of gold 

foils on the test cell roof and flange shielded from the reactor with gold ond cadmium. 

It is also momended that refinements be incorporoted in future analytical calculations 

so that test conditions are better represented. The changes suggested a n  os follows: 

1) Inclusion of the pmsun vessel on TDC and r-0 DOK p.oblems 

2) Inclusion of the pmsure vessel flange on TDC problems 

3) Use of a fine mesh space next to thz pressure vessel surface to effectively calculate 

the flux at the surface. Transport cooeS such os TDC and DDK inherently calculate the 

average flux in the mesh interval. The flux at the reactor surface must be obtained by 

extrapolating from the last m s h  interval outwards. 

4) The running of a nwlti-group r-0 DDL problem which gives reasonable neutron 

scal!oping. No satisfactory problem exists at present. 

5) Modification of DDK to give the directional neutron fluxes at the reactor surface. 

The equatorial ring data could then be analyzed using the angular leakage fluxes from an 

r-9 DDK problem. 

6) Resonance self-shielding correction factors s k  *Id be develcped for gold and cobalt. 

Co.relation of High Power vs. Low Power Data - 
One of the objectives of the NRX-A2 dosimetry program was to provide data showing 

differences in the external radiation environment for the high power vs low power conditions. 

Unfortunately most of the overlap test data was lost due to the hydrogen fires which occurred 

around the pressure vessel periphery during EP IV, due to anrlealing out of the gamma dose 

response on the gamma dosimeters, melting of dosimeters, loss due to !ow exposure levels, and 

8-75 



IOU due to decay of dosimsters while the reacbr was sitting on the pod. Nevertheless sune 

overlap poicts were obtained between EP II ana EP IV and between EP V and EP IV. 

The following obtervations of this data ore d e :  

1) The gamma doses from EP IV glass data are lower than doses from EP II gloss data. 

This m y  bm due to annealing or Wing  effects on the EP IV glass. Correlation of gamma 

data at other locat im shows no clear trend of difference between low and high power runs. 

2) The sulfur da% on t ip  meridiar r h g  fmn EP IV and V appears to be below similar &IO 

from EP II at most locations but h e  i s  too much scatter in the data to assigr a quantitiatke 

Value. 

3) However, the EP IV and V sulfur data cn the rodicl traverse given in figure 3-20 
appears to be above the similar EP II sulfur data. 

4) EP IV data from fission foil measunmenk (Figures 8-21, 22, and 23) generally 

s e m  to be slightly above the EP V and EP I I  data for the d i a l  traverses. 

5) No clear tnnd i s  exhibited in tk sulfur data on the test car, under the privy roof, or 

on the equatorial rings. In the former two locations, at least, there was insufficient exposure 

during EP-ll to provide good counting shtistks and hence the dah show much scatter. 

In conclusion, i t  can be said that i t  r~ppeon t h t  there is a slight decrease in d i a l  

fast neutron leakage at high VI low power level but the magnitude of :his effect does not 

appear to exceed 10 to 26 percent. 

No difference in gommo leakage can be noted due to the rcatter of the data. 
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P O S T  O P E R A T I V E  E X A M  Z N AT Z 0 N 

RAOlOCHEMiSTRY 

Radial Power Distributions From Post-Run Calculations, Meauremenh and Radim emistry 

Following the NRX-A2 power test at NRDS the d i a l  fission product distribution wo) 

sstablisircd by gross ion measurements and radio-chemicol analysisa An effective contro: dnm 

angle was obtained for ;"e entire test profik enabling a calculated power distribution to be 

compand directly wi th the observed power measurements. This wos necessary since h e  control 

4rum angle and power level both influence th, ate of fission product deposition in  a p t i c u k r  

elemt-it. The effective control drum angle of 99.7 degrees was obtained by weighting the 

cmtrol drum angle during the test with the appropriate power Iewls. ?he calculated pouer 

distribution used in the comparison was derived from the pre-test predictions adjusted io the 
99.7 degrees control drum angle. The :>retest power distribution used to OriCice NRX-A2 

wos calculated for the 90 degree contrcl dwn angle. This was bored on the test profile mi- 

ginally contemp!ated for NRX-A2 which indicated that the reactor would operate at ?he 90 

degree drum position for the hi$ power hold. 

The NRX-.92 pre-test power predict!ons were abfaained from hot calculations which were 
1 

adjusted with corrections from or. ambient experiment. The ambient experia mtal  power 

meaurements were performed on the NRX-A2 PAX reac%-,r at h e  WANL Waltz Mill Site 

Critical Facility. Ambient power calcuiations were compar ,t with tliese experimental 

results; the differences noted were assumed to be in  error in the am!ytical model. 

2 

Using h e  same model, operating power distributions were calculated for diffcrent con!rol 

drum angles. These power distributions were adjusted by means of the above experimr,i 8 ;  

1 WANL-TNR-158, - Preassembly Experiment (PAX) in Support c 
2 WAN L-TME-879, NRX-A2 Power Distribution Analysis 

'")(-A2 - 
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The calculations indicated less than a 1 percent increase in power in the central core 

region, and a sharp reduction of 7 percent at &Be periphery (from 39 cm to the core e*) 

i? going to the operating conditions. The comparison of %e adjusted ccld PAX power dis- 

tribution and the hot NRX-A2 gross ion measurements indicates !We cr no difference in the 

cold and hot power distribution except in the edge f - r l  elements where the observed cold to 

hot power change shows an increase of 2 to 4 percent. The differences in the calculated and 

grost ion measurements noted in the previous s5ction of this chapter at the core periphery can 

be explained in term of th is  complete reversal between the predicted a d  measured cold- 

to-hot power change. Thts comlwicin i s  k e d  on the osrumption that the gross icn measun- 

ments need no correction for self-attenuation in he different loaded elements. This i s  

somewhat substantiated by the results shown in figure 9-9 which shows agreement between 

$me diochemistry and gross ion measurements while me diochemistry sample differs by 

7.7 percent. 

?ewer Gradients Across Peripheral Fuel Flemn~s h i v e d  hi Pre&ctions, Radiochemistry 
and NRX-A2 PAX Meamments 

The power distributions acmss the flats of fow peripheral fuel elemcnts w e n  determined 

by mi;. chemistry. One inch longitudinal sections w e n  cut from each fuel element at the 

tore miadone. These individual sections were in  turn sliced axially into six wafers by making 

cuts throb& %e coolant channels parallel to the "a': and "d" faces of the element. Radio- 

chemicci walysis was performed on these individual wafers. The fissions pet gram values 

derived from these radiochemirtrj samples represent an average for the entice wafer. A 

distribution comspnding to an average power of unity in the element was derived by weighting 

the radiocliemistry results with their respective volumes in the one inch lcngitudinal sectiocs. 

The power distributions in the same four fuel elements :4en derived from the NRX-A ' 

PAX wire measurements and the pre-test predictions. k t h  tfle PAX nasurements and the 

predicted firsions per gram values in the 19 coolant channels were normalized to an average 

of unity in the individual fuel elements. These normalized values were iv turn averageJ for 

each row of coolant channels parallel to the radiochemistry wafers. This nxmalization scheme 

was necessary to make ) I t  iidiochemistry results comparable to the predicticns and PAX 
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measwemenis. 

Figms 9-1 1 thrwgh 9-14 show a comparison of the power grodientt across tht four tuel 

elements as derived from these rodbchtrnical wafers8 NRX-AS PAX measureme~ts, and pre- 

dictium. The comparisons are madt on the basis of an average power of unity in the indivi- 

dual fuel tlements. Although the absolute level of power ii +he peripheral elements was 

underestimated, the ca!cu;ate@ gradients a n  in agreement with mdiochemistry c)' . I e  d d  
PAX rsults. The gradients ac;oa the four fuel e!ements differ sli&tly due to h i r  p a r * ; c b m  

0.-ientation and location in the ,ore. 

M€ASURED AND PRE31CTED AXIAL ?Gv?'ER DIS~iBUTIONS 

Axial gamma SCCR mosl,?ments were made on selected fuel elements. Figure 9-15 

shows a comparison of the power distriburions derived from these g,mm?i scans for elements 

1J3U and l B i E  and the corresponding analytical predictions. These two elements were 

chosen for tke comparison since detailed measurements had been taken at the core inlet end. 

The comparisons of the different power shapes were mode by normalizing h e  cxial peak value 

to b-iiy for each distribution. 

The analytical predictions were colculgted by mea= of the two dimensional 1. insport 

Code TDC. The entire reactor was represented 1.1 R, Z panetry and thc cor.trol vams bv 

an annular ring. The TDC axial power distributions comvod ing  to the approximate d i a l  

positions Q$ elements 1J3U and l B l E  were m5d in tt.3 comparison. 

Fiaure 9-15 shows g c d  ov~ml l  agreement between the gamma scan ineasurer.=nts und 

the analyticd predictions. It i s  of cwticuiar interest to note h e  excellent agremert between 

the gamna scan measurements a d  Ae analytical prediction at the inlet end of the reactor. 

RADIATION EXPOSlRE FOR MALt3R REACTOR CPMPONENTS 

As reported in tab12 3 -7 the total fissions experienced by the N2X-A2 reactor aut ins 
22 . Bosed on t h i s  value and h e  rdioeion :eveIs en a per fissicn the test series was 1.3 Y ' 0  
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1 
basis presented in WAN-TME-810 , the maximum tntegmted radiation exposures for neutrons 

(E > 1.0 mev) and gamma rays were computed for the major reactor components. The dota are 

presented in table 9-1. Figure 9-17 i s  o sketch showing where the major reactor ccnnponents 

tabulated in table 9-1 are located in the reoctor configuration. Since EO experimental mdi- 

ation levels on mior components were obtained during the tests, the data in table 9-1 s t i i i  

contains uncertainties of the type associated with mdiation anaiysis. For this rtoson the 

data in table 9-1 is  probably accurate to within + 50 percent. - 
CORE ELEMENT EXAMINATION 

Summary of Core Element Cormion 

Detailed examination and analysis of the corrosim found on the fuel elements continues. 

These results w i l l  be incorporated into a supplement to this report. At this time only a gen- 

eral picture of the fuel element corrosion w i l l  te presented. 

INTERNAL FUEL ELEMENTS 

The corrosion on the outsidt rurfoces of the fuel elements. removed from the vicinity 

of the core instrumentation and the element w:th the uncoated coolant channel, was found 

to be very mild upstnom of core station 51 inches. The evident corrosion generally occurred 

in axial streaks extending between core station 26 and 30 inches, approximately. Although 

no depth measurements have been obtained on the element faces, visual observation indicated 

thot these depths are of the order of 1 m i l  or leu. Accurate measurements, therefore, would 
be extremely difficult to Vriorm. 

Heavy corrosion curred on element faces in vicinity of the station 32 inch thermo- 

couples. Corrosion also occurred near the station 20 inch ond station 45 inch thermocouples, 

but to a much lesser extent. One element, 5F4F, was found to have corroded through to 

the outside surface :ram the No. 3 flow hole for a considerable length of the element. It 

has been definitely established that this flow channel wos uncoated prior to the test. As a 

1 WANL-TME-840, Reactor Analysis Data Book, Reactor Analysis Staff, July 31. 1964 

9 -  22 
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TABLE 9-1 

MAXIMUM INTEGRATED RADlATlON EXPOSURES FOR 
NEUTRONS (E> 1.0 mev) AND GAMMA RAYS FOR MAJOR REACTOR COMPONEN?S 

Region 
No. 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 

Neutron NW 
E > 1.0 mev Gllmma 

R e g i o n  Qscription n/cm2 Ergr/Gm-carbon 
10 5.1 x lol1 17 

Core Support Blocks 2 3 x  lol8 
Active Core Region 1 . 5 ~  lol7 3.6 x lol1 
Filler Str ips 6 . 0 ~  1 . 9 ~  lol1 
lateral SuQPwt (Inner Reflector) 5.1 x lol7 1.6 x lolo 

Pressure Vessel Cylinder 1 . 6 ~  lol6 1 . 6 ~  lolo 

Reflector Support Structure (Nozzle End) 2 2 x  lol7 1.3~ lolo 
Cluster Plate Reg ion  3.3x lol7 8.3~ lolo 
Core support Plate 2 7 x  lol7 7 . 2 ~  lolo 
Core Support Ring, Etc. 1.2x lol6 4.8~ lolo 
Domc End Support R i n g  5.4x lol6 1.8 x lolo 
Drum Drive Shaft Region 4.9x lol6 1 . 7 ~  lolo 
Flow Screen and Support 4.0x lol6 1 . 3 ~  lolo 

Pressure Vessel Oomc 1.8 x 10 6.0~ 10 

Beryllium Reflector 21 x lol6 5 .7x  lolo 

RefkctorNozzle lnterfocc Region 4.1 x lol6 2 5 x  lolo 

Aluminum Mockup Shield 3.8 x lol5 io8 

See figure 9-17 for region locations. 

Exposures are based on the EP IVA and EP V reactor runs tor NRX-A2 Gamma 
exposures i~clude gamma mys liberated after shutdown due to fission fragment 
decay. Total fissions for EP IVA and EP V = 1.3 x fissions. 

9 - 23 
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consequence of this, element faces in the vicinity &owed heavy corrosion and some liner 

exposure. 

A whitish depotit wm found to exist in a band from about 23 inches to 26 inches from 

the core inlet. Chemical analyses of samples are being performed and wil l  be reported in 

the supplemenral report. 

At the nozzle end of the fuel elements, iq  the undercut region, heavy corrosion occwed 

where the niobium carbide coating was absent, The corrosion was sufficient to expose the 

coolant channel liners in many coses. In addition, the end comers of the elements were 

generally rounded off due to corrosion in the absence of coating protection. Liners here 

were exposed in pencil foshion in the more severe instances 

PERIPHERAL FUEL ELEMENTS 

The peripheral fuel elements exhibited m i ld  to severe corrosion on the faces adjacent 

to the pyrqraphite insulating tiles. Th is  corrosion occurred in discrete circumferential bands 

starting at approximately core station 23 inches. These bands correspond to the Ications of 

the small plenums formed by the fuel eiements, fi!ler strip ledges, and insulating tiles. Al- 

though the peripheral faces were severely corroded in these bands, there was no unusual 

amount of corrosion found on the adjacent radial faces of the same elements. The corrosion 

bands, in many cases were sharply defined, and in  othen blurred by an edge feathering ex- 

tending either upstream and/or downstream. One peripheral element hod a flash coating of 

niobium carbide and th i s  element did not have any appreciable corrosion. Detailed dimen- 

sional measurements have been performed on peripheral elements from each of two sectors 

(3 and 5, respectively). This data is being analyzed and w i l l  be incorporated into the 

supplemental report. 

UNFUELED ELEMENTS 

The central unfueled instrumented elemen.: showed external surface corrosion in the 

vicinity of the thcvnocoupl+s and thermal capsules. As in the rest of the core, the heaviest 

corrosion occur d at the station 32 inch thermocouples with milder corrosion at the station 
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20 inch and Is inch thennocoupler The external surfaces of the uninstrumented centml 

elements COnfonmd, in general, to that of the rest of the core elements. 

Corrosion on the ID of the central hole wos found to exist in bands about l./s inch wide. 

These b a d  correspond to the junction of the pymgmphite liner tubes and startcd ob0C.t 24 

inches from the core inlet. Depth measurements performed to dote indicate a maximum depth 

of 14mils. 

Summary of Cluster and Seal System Component Examination 

SUPPORT BLOCKS 

The external surfaces of the support blocks were found to &e in rather good condition. 

In several coses, chipped areas wen found, but these areas were small  and did not appear 

corded. Many of the upahram faces of the support blocks showed evidence of  coating 

transfer from the ends of the fuel elements. The uncoated central hole was found in several 

instances to be corroded at both ends with the area between unaffected. DimL.sional 

measurements of th is  phenomenon are being analyzed and wi l l  be reported in the supplemental 

report. 

PYROGRAPHITE INSULATING SLEEVES 

The outside surface of the sleeves was found to have a dark deposit. This deposit coirld 

not be easily rubbed off the outside surface. The deposit wos in the form of a swirl-shaped 

pattern coinciding with corrosion on the central bore of the unfueled element. In some cases# 

the pattern was continuous from one sleeve to the next and in others i t  was not. 

PYRO CUPS, STAINLESS STEEL LINER TUBES, CLUSTER PLATES, TIE RODS, AND 
Orf IFICES 

Post-operative inspection revealed no significant damage or corrosion tc either the 

insulating cups or washers although the former were found to have lost most of the niobium 

carbide coating on the outside surface, and in about a dozen instances, al l  of the coating 

9-26 
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A P P E N D I X  A 
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REACTIVITY CALCU LA1 ION 5 

A dtrimtim of thc me- used for reoctiviv calculations in this report appeas in 

WANL-TME-336. A sunmmry of the more sigrifimt effects md key nucleur 

is sharrn in toble A-1. Note that during steady state opcmtion tk terms RD, RC' RW 

and 5 must sum to zero. Tht lost t h e  ttnm are detennincd by the fluid flow md 

-hrrr charoctcristia of a paticula rcocb cmdition. The term R 

colculatim of thc drwn angle for eq&Iibiun opemtion. 

permits the 0 
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TABLE A-1 
NRX-A2 REACTIVITY EQUA1IC)NS 

NRX-A2 Reactivity At Steady State = R + R c + % + %  = o  0 

@= 
WAhL-TNR-199 

corc worth Wc = 4.0 p,  + 10.5 F2 + 4.6 F3 

Be Reflector Worth weo=0.010 pes 

e Control drum bonk position, dagrees 

Moa d c o b  last, kilogrrmn = 
MCL 

A = Fraction of d i f f d  hydrogen (0.12 d) 

P, Pz rn P 3  = Avcrogc hydrogen demities in the upper, middk, and 
lower thirds of the core, lb/h3 

PLS t Average hydrogen density in the hatera1 support, l b h 3  

Pb. r Avcmge bydrcgen density in the beryllium reflector, lb/h3 
- 

= Avcmgeccuetcmpemture, OR TC 

- 
= Avcmge beryllium reflector temperatwe, OR T80 
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A P P E N D I X  B 

TEST CEtL A LH2 FLOW METERS 

The LH flow meters are nozzle - venturis with the inlet conforming to the &finition 2 
of an ASME long rodius nozzle and the pressure taps ploced accordiq to ASML requirements.* 

Octo i ls  of the m e t m  required to calculate the flow toefficitnts are os follows: 

Noulerentur i  FE-7 Discharge 

Thmot d'lamcter at ambient 

Pipe diamcter at ambient 

Thtrmol contraction ambient to 
LH temperature 

Material 303 ss 
Discharge C a f f  ic  icn t* 

Compressibility effects ( 1/2%) lregl ect 

3 2 6  in. 

7.981 in. 

3.1 milr/in;h 

2 

0.995 

FE-4 Inlet 

3,641 in. 

8.329 in. 

3.1 milr;/inch 

303 5s 

0.95 a 

reglect 

On the basis of the information above the follcming applies to flow mte celculationr 

for Test Cell A. 

ASME Fluid Meterr Their Theory and Application, 1959 

B-: 
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For the punp inlet venturi, FE-4. 
8 

e w  
2 Le 

S 
- W = 7-01 J p z  

W in I b i s  
e 

A? in p i d  

r)NinputdatoforFE-4an: 

SP-125-L LH2 AP inlet ventwi 

SP-044-L 

ST-020-N 

SP-125 g ' m  he AP for equation 1 a d  SP-OU and ST-OSN give thc 

W2 pressure u@mnn of ink t  venturi 

LH2 temperature qtrean of inkt  venturi 

and 

h:m(?erature required to obtain the density in quotion B-1. 

For thc pur obchorgc venturi, FE-7. 

2 L 8  < G  W =6.98 Jxi - 
S 

The input data for 9 - 7  am: 

SP-126-L Lh2 AP discharge venturi 

SP-OSC - 
ST--~18-N Ui temperature upstream of d'kcharge venturi 

LH2 p s u r e  upstream of discharge venturi 

2 

B-2 



WANL-MR- 199 

A P P E N D I X  C 

ORIFICE SLEEVE PRESSURE DROP 

Thc pediction of core pesswe drop d e r  ambient flow conditions involves primarily 

on analysis of a ch&ebflow condition existing aclofs the flow h n e l s  of the core. For 

the most part, critical flow ( m i c  velocity) w i l l  exist thhrough the orifices at the inlet of the 
core. This stems from the foct that the combined orifice flow area i s  krr thon thc nozzle 

crws sectional throat area, Le., 28 in. a i f ices and 58 in. - nozzle throat. Consequently 

urrdcf ambient conditiom choked flow w i l l  occur first in the orifices when sufficient flow i s  

pd R result in  a critical pressure mtio between cow inlet and outlet conditions. At th is  

early S-, the noule is  not yet operating full (choked) 50 hot the m e x i t  presswe is  nearly 

equal to otmosphctic. Nozzle flow is defined irotropically, 

2 2 

This r e l a t i d i p  is applicable to the definition of choked orifice behavior using a chaac- 

kristic discharge coefficient (CD). Undcr choked conditions the above qwtion reduces to: 

Symbols are defined at the end of t h i s  rrppendix. 

c-1 
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ck thc flow through the rtactor i s  incrrortd, core inlet pmrwc is dictated principally by the 

b i o r  through the choked orifices coupled with friction choking in those channels which 

h o w  the larger orifice sir-. Core inkt condi th  with choked flow 01 wK)I are indcpcndcnt 

of the conditions in the nouk. With heat addition to fhe coolmt in the m, c h a ~ l e l  

p~cssun drop increases- rnllas COR exit  as temperature so thot chdcing in the orifices 

and channels bccomts d id  when core exit tempmhne approachcr a wlue that is less 

thon four times thc ccue inlet temperatue. See the nozzle equation. Above a certain on'fice 

size the flow is chonnel limited &e to the frictioml chaocter'ktia of the charnel. This situ- 

ation i s  identifd by the comparison of critical t%w colarlatcd for a &nmI with a flow 

obtained for a given instolled orifice size, i-e., calcuiatcd critical flow in thc channel is 

lea thon through the orifice. In the otesPncnt of core pc#fuc dmp under ambient cordi- 

tiom the canbined flows l imited by he orifices in tht fuel elements, tie rod orifices ond 

chamclr establishes a multing core i n k t  p ~ o m  kwl. Limited flow in the chcmnel is  

&ptn&nt on inlet hrach number and fix adiobcltic conditions is related by, 

M e r  the channel i s  controlling the flow, the orifice i s  not choked and then it i s  necessary 

to use orifice parametric data which in turn gives a Mach number that i s  consistent with 

orifice and channel behavior. To define the flow conditions across the orifices, use i s  

made of orifice test data. These orifice test dato are presented in figure C-1 in terms of 

a generalized flow pammeter and pressure ratio that i s  formulated from the nozzle flow 

equation. This parameter is  &lined by: 
7- I 

c-2 
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Orifice tests an cducted under conditions of reactor inlet design conditions.* Orifice tests 

were also conducted at different conditions of temperature, flow and pmsure to confirm the 

validity of the generalized pommeter. Consequently figure C-1 i s  rrseful to define wifice 

behavior ot reactor off-dcrign conditions. The generalized orifice paameter i s  also &pen- 

dent on specific heat mtio so that there i s  a difference when the data i s  used for hehm which 

has a specific heat mtio of 1.67. The isentropic nozzle relatiomhip for helium is  also shown 

in figure C-1. 

Essential to the ambient pressure drop ewlwt ion is utilization of the as-built orifice 

distribution. For imtunce if thcn is a grccrter proportion of large orifice sizes, there w i l l  

be more channels affkcted by frictional considerations corresponding to higher core inlet 

pressure values. In th is  li&t ambient core pressure drop calculations ore initiated prior to 

completion of COR assembly and consequently an orifice distribution must be estimated for 

the prediction analysis. The predicted core pressure drop under ambient conditions i s  then 

verified at the conclusion of con assembly using the actwl or-built orifice distribution. 

* WANL-TME-871, NRX-A Core Orificing, J. C. Guzek, September 1964 
p - - = - -  . - m w w  . JL ! .  ! w m  

c-3 
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Constants 

I 

R 

SYMBO IOENT 

. 2  Cross section flow area - in. 

F IC AT IO 

Discharge coefficient - dimensionless 

Channel diameter - inches 

Average friction factor - dimensionless 

Channel length - inches 

Mach number - dimensionless 

Static pressure - Ib/in.* absolute 

Total pressure - Ib/in.* absolute 

Total temperature - &gees Rankine 

Gas flow - 14’sec 

Specific head ratio - dimensionlea 

2 
Gravitational constant - 32.2 ft .set 

 os constant - ft ‘OR 
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Tc = 3815 f 215 

c. Thermal pomr calculation 

From he  equation in chapter 4 

and he  p w e r  was calculated to he 1096 MW at CRT 14085 using the values listed .in toble 66. 
To determine h e  20 error of the calculated power it is necessary to mite the qwtim in terms 

of rhe meawed variabks (for which thc 20 error is known). Thus, 

PWR = W(Cp, Tc - cp, lr 1 IO'$ 1055 + C G-7 

N o w  quation ( E l )  is applied to the function for PWR given in (G-8). This leads to the 
-. 

relation, I 

Shtituting tht numerical values frrnn tobk 4-6, 

PWR = 1096 f 50 MW 
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AGC U-TUBE NOZZLE S/N 9 DATA 

The U-tube S/N 9 geometrical and heat transkr data supplied by Aerojet 01 input to 

the TNT code are tabulated in the following table. The first five columns contain, mpec- 

tively: the nozzle area ratio, tube length measured from aft end of nozzle, tube hydraulic 

diameter, tube flow area, and tube heat transfer area. Column 6, RADN, contains the thermal 

radiation view factor between the core and nozzle. Finally, column 7, CG, contains the 

gas side Cg values. These values are used in a modified brtz q w t i o n  as follows: 

where Hg = h u t  transfer coefficient 

C g  = variable correlation given in Column 7 

P =  viscosity 

D =  tube diameter 

tube flow rate W t  = 

T b  = bulk temperature 

wa I I tempera ture - 
Tw - 

Tb + Tw 
2 Tf = f i lm tempemture. 

CP = specific heat 

Pr = Pro nd t number 

D-1 
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.4PPEAV. IX E 

EFFECT OF LEAKAGE AROUND STATION 32 THERMOCOUQLES 

A l l  NRX-A2 thcrmocoupks at station 32 wzih one =*ion idicatcd krpcrda Q 

much OS 1W3OR lower than w h t  would k e x p t c t c d ~ ~  

stations. Post-run k r v a t i o m  i d i d  r)n potting hod kild OlOIcd rh, nrrpwt ))laa~- 

b a r i ~ d v d o l r r  

couples thus allowing flow in the chamel thrargh rhidr he ~QI  ireskd &I 

analysis was mc& to &tern in if thc kw ttmpcratun d i r r g r  could h .T- A i y  

to leakage flow. 

A mock! of the unfueled element with a 0.036 id 00 in Q 0-1W ina 

charmel was constructed. Thc 0.100 inch chancl mas QEIIlmed to ucharra d Ihr 32 brch 

le+ to a core interstitial presruc of 632 psia. This 3pu~1 ID pmar, b-ia(p d e  IC 

i n c d  interstitial flow. The bundory dititms ai tk ID of t)w pp s h n r  

irnposcd consistent with converged tie robfuel element tcItrnol and h-iu mlAias t)r 

e x t d w  surfaces of the unfuekd element were assuned to be at fd 
Uldcr normal operating conditions heat flow i s  from the dueled tkment to mC bid 

ekment. With ltakoge around the station 32 thtrmocouplt t)rM b heat flow b the frnbd 

to unfueled element in the local a m  around the thtrmcovplt ChOmcI, howmer, iw -i 
heat transferred from the fucled elemeat i s  not lcwge cnovgh to t ign i f imt iy  o f k t  WW -00- 

thermal boundary assumption. 

~caaprocuh- 

Based on the above assumptions the anni)rris was made u s i q  the TOSS-MCAP krmal- 

hydraulic code to determine the temperatwe distributions at several axial s t a t i o m  in stt 
unfueled element as well as the coolo~t temperatwe and flow mte around he - e- 
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A P P E X D I X  F 

METHOD USE0 IN MULTIPLE REGRESSION CODE 

U 
CrYi - i? 
I i 

A 2  
U 

i 
Z t Y  - Y  1 

i li 

u-2 



A 

Y i  i SI + b r  (1) 

4 = Q + b x ( I )  + c x (2)+--- b(k-1) 
yL- I 

F-2 
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NRX-A2 TEST CELL A DATA ACCURACY AND EXAMPLES 

stadad acviat i i  
in %of Full Scak Type Error 

System Error 0.675 
t r o E m r r  0.m 
Drift Error 0.680 

C0mb; i  Enor 0.97 

Fa 95% (2u) cmfidmct l e d ,  the cnot k 2 145 times thc IS sompk rtanQrd deviatiar, 

Le., 2145 x 0.97% = 2 0890, fa h e  doh quir i t ion system Allowing a 1/296 rcoding - - 

2 1'2 = 214- + 0.5 ) 
2 

error from plotted data the e m  is 214%0f full scak, i-e-, (208 

In addition to tht Qto acquisition system error a tror#krccr emor of 1% of full scak 

faprcrarrcrmdtmpcmhrtr*rorapQlied. Thiskdtotkeovemllcrrorforthelow kvel 
multiplex duta of 2 4 %  of full scale, i.c., (214 2 + 1. 5'/* = 24. 

For 95% (&) a m f h  kvel the e m  wasaDwnrd to be 24%0ffull  satla b a l l  

i n d i v i i !  puswe andtmpcmtue tronrbccrdota c0lkcrcddUingt)n test and plotted 

G- 1 
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Thc a0 dhvktion of o function of ocvrml of the i d i v i b l  doia chmncl ~ t s  

was okained by combinath of h e  individual dKmwI smwr o c d i r q  to +lity theory. 

Fax, m&tmryfuKtiardindcpmdsntrandOnr~iabksX1, X2, X3, I ” ,  Xn, the 
deviation of X d e f i d  as u is given by,+ 

G 1  

%!?!!s! -1 rkigmtial value Full R w  124% of Full R & 
P SP-057-L w2plrsursupstrcarnFE-7 922pia lo0Opsig 24 psi 

T ST-018-N LH -rrptrtan 47.2% 54% 1 . f R  E3 

4-50 Ib -m P 
K CocffKicnt in Eq. G 2  6.98 
mu, f# h do- vtnturi E-7, 

AP SP-1abL E-7 ventui AP 26.1 paid Spid 1.2 psid 

+1% - 

In adtr to dcterm’m the occumcy of the fbw, quotion ( E l )  is applied to he reWm 

Cor W in equotion ( 6 2 ) .  
~ ~- 

All +Is me defined on lart posc of h i s  0Pgc”dix. 
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Ib 
M C  

2 0  = 2.05- 

W = 75.0 f 2 . 0 5 ~  Ib 

w = ?5.4 4 2.10 T? Ib 

nu, 
Sirnikly the f b  and flaw ~ c w m c y  WB calculotd for the punp inlet venturi, 

Taking the avsmgs of h e  two mxnuremcnts the error is fwther reduced, 

W t t5.6 f 1.5 ~ O C  



or 

b. Nozzle chanber teqemtuc colcubtion 

The oquation c# chdred nozzle flow is given in chapter 4 or, 

K A  Pc w =  
T c  "2 

2 2  2 K A Pc 
Tc = - 

W 2  

and the following doto is used at he hi& p o r n  hold, CRT 11085secods 

SYmM 

Pc 

Pc 

Pc 

A 

K 

W 

Thus 

cham1 Designation 

P-122 Nozzle chombw pressure 

P-124 Nozzle chamber pmtue 

Avcrogc nozzle chamber 
mu= 

Flaw area at opcroting 
conditions 

Nozzle coefficient 

Flow Rate 

WANL-TNR- 199 

G 4  

G 5  

Value Fullkngt 2 adrovcc 

579 psia 600 pia 14.4 pia 

584 pia 600 paiu 14.4 pb 
581.5 pia - 

2 
59.0 in 

0.136--& OR 

lb 
15.6 - 

K C  

.S9in 2 (W 

occolmtr far 
podwt KA) 
(Included in 
2a forAobove) 
1.4 Ib ( h i s o p -  
1.5x pmdix) 
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Tc - -  e - -2  - # Tc 
a w  W 

a TC fc - = 2- a Pc Pc 

htse dtriv& Q, tubrtituitd into equot'm ( G I ) ,  

Substituting the values from the tabulotion &we leads to, 

I 

2 u T c  = 3815 {(2* ) 2 + ( 2 ~ . 0 ! )  2 
75.6 581-5 
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Tc = 3815 f 215 

c. Thermal pomr calculation 

From he  equation in chapter 4 

and he  p w e r  was calculated to he 1096 MW at CRT 14085 using the values listed .in toble 66. 
To determine thc 20 error of the calculated power it is necessary to write the qwtim in terms 

of rhe meawed variabks (for which thc 20 error is known). Thus, 

PWR = W(Cp, Tc - cp, lr 1 IO'$ 1055 + C G-7 

N o w  quation ( E l )  is applied to the function for PWR given in (G-8). This leads to the 
-. 

relation, I 

Shtituting tht numerical values frrnn tobk 4-6, 

PWR = 1096 f 50 MW 
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P 

A? 
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P 

K 

A 

Pc 

Tc 

PWR 

hc 

hr 

C 

cPC 

'Pr 

X, X i  

= Y  
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Reactor flow rate, Ib/sec 

Hydrogen density upstream of venturi, Ib/ft 

Venturi AP, psid 

Temperature upstream of venturi, OR 

3 

Pressure upstream of venturi, p i a  

Coefficient in nozzle equation, R/rec 

Nozzle throat area at operating conditions, in 

0 

2 

Nozzle chamber pressure, psia 

Nozzle chamber temperature, OR 

Toto1 reactor thennal power, MW 

Nozzle chamber enthalpy, Btu/lb 

Reflector inlet enthalpy, Btu/lb 

Gamma heating in nozzle and thermal radiation heat tmnsfer to 
nozzle, MW 

Specific heot hydrogen in nozzle chamber, defined as hc/Tc, Btu/lboR 

Specific hect of hydrogen at reflector inlet, defined as hr/Tr, Btu/lboR 

Defined QS discussion of equation (G-1), this appendix 

The  standard deviation or error of a variable y given in same units 
as y. 



TECHNICAL F l l M  

A motion-picture fi lm supplement WANL-MP65- 1, carrying 
the same classification os the report, i s  available on loon. Requests 
wi l l  be filled in the order received. You w i l l  be notified of the 
approximate date scheduled. 

The f i lm (16 mm, 28 min, color and black and white, sound) 
shows the complete power test and restart. 

Requests for the f i lm  should be addressed to: 

H. F. Fought 
NERVA Progam Management 
Post Office Box 10864 
Pittsburgh, Pennsylvania - 15236 

NOTE: The handling of requests for this classified f i lm w i l l  be 
expedited i f  application for the loon i s  made by the individual 
to whom this copy of the report was issued. In line with estab- 
lished policy, classified material i s  sent only to previously 
designated individuals. Your cooperation in this regard wi l l  be 
apprec iated. 
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I Please send, on loon, copy of f i lm supplement WANL-MP65-1 to: 
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1 Street number 
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